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Abstract The current study first investigates the emulsi-
fying potential of glycine and its N-methylated derivatives
N-methylglycine (sarcosine), N,N-dimethylglycine (DMG)
and N,N,N-trimethylglycine (betaine) under varying pH
conditions. Subsequently, the effect of these test com-
pounds on the membrane integrity of enterotoxigenic
Escherichia coli (ETEC) was evaluated. Oil in water
emulsions containing each compound show that DMG is a
more potent enhancer of emulsification than glycine, sar-
cosine and betaine under the conditions tested. Flow
cytometry was used to investigate whether the emulsifying
potential is associated with an effect on ETEC membrane
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integrity. The bacteria were exposed to each of the test
compounds under varying pH conditions and membrane
integrity was assessed using the LIVE/DEAD BacLight kit.
Results show a membrane deteriorating effect caused by
glycine, sarcosine and DMG, but not by betaine. This effect
is pH- and time-dependent and has an apparent threshold at
pH 9.0. Conventional plate counts confirmed concomitant
changes in culturability of the membrane comprised
bacteria.
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Introduction

N,N,N-trimethylglycine (betaine) is used as a feed additive
in animal nutrition because of its functions as a methyl
group donor and a compatible solute (Eklund et al. 2006b).
It is known to improve feed efficiency, growth performance
and carcass composition (Eklund et al. 2005; Matthews
et al. 2001). Furthermore, crude fat digestibility is
improved by dietary betaine supplementation (Eklund et al.
2006a). Much less information is available on N,N-dim-
ethylglycine (DMG) as a dietary supplement in livestock
production. However, recent data on the use of DMG as a
feed additive also show beneficial effects on performance
in broilers (Kalmar et al. 2010b, 2011) and on nutrient
digestibility in broilers (Kalmar et al. 2010a) and pigs
(Cools et al. 2010). The effects on nutrient digestibility are
suggested to result from an emulsifying action at the gut
level. Both DMG and betaine derived molecules are used
as surfactants in industrial applications (Guan and Tung
1998; Clapés and Infante 2002). Enhanced emulsification
of dietary fat by use of additives with surfactant properties
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is suggested to facilitate liberation of non-fat nutrients from
a fatty insulation, rendering them sooner available for
enzymatic digestion and absorption through which digest-
ibility is improved (Kalmar et al. 2011). Therefore, the first
objective of this study was to investigate the emulsifying
potential of glycine and its N-methylated analogues sar-
cosine, DMG and betaine.

Recent data further suggest that betaine might modify
the microbial composition in the small intestine of pigs.
Dietary supplementation with betaine improves fibre
digestibility in weaned piglets (Eklund et al. 2006a, b;
Ratriyanto et al. 2010). Metzler-Zebeli et al. (2009) report
that betaine supplementation of pig feed tends to stimulate
intestinal bacterial growth, i.e. both of beneficial microbi-
ota and of enterobacteria such as pathogenic Escherichia
coli. However, further information on the impact of betaine
and other N-methylated analogues of glycine on the
intestinal microbial populations in pigs is lacking.

Enterotoxigenic Escherichia coli (ETEC) is worldwide
the most common bacterial cause of diarrhoea in humans
and various animal species (Walker et al. 2007). It is also
an important cause of postweaning diarrhoea in piglets.
This type of diarrhoea is responsible for considerable
economic losses due to a decreased growth rate and an
increased mortality (Fairbrother et al. 2005). The bacterial
cytoplasmic membrane is a phospholipid bilayer (Nelson
et al. 2009) that acts as a permeability barrier which is
sensitive to emulsifying molecules. The second objective
of this study was therefore to investigate whether the
emulsifying potential assigned to betaine and DMG affect
ETEC membrane integrity.

Along its path in the digestive tract the ETEC are
exposed to a wide range of pH values. As they pass through
the pylorus and enter the upper small intestine, they
encounter alkaline pancreatic secretions, resulting in a
highly alkaline environment (Stancik et al. 2002).
Recently, the existence of alkaline surface microclimates in
the small intestine was described, which are related to the
working mechanism of alkaline phosphatase (AP) (Mizu-
mori et al. 2009). The latter enzyme is an alkaline
chemosensor regulating the small intestinal surface pH and
is predominantly found on the apical surface of the dif-
ferentiated enterocyte in post-weaned animals (Lalles
2010). The optimal pH of the alkaline phosphatase activity
in pigs is 10.5 (Fan et al. 1999). Therefore, even though the
chime-pH is generally below pH 7.0 (Snoeck et al. 2004),
the investigated pH-range in the current study extends to a
much more alkaline pH value associated with alkaline
phosphatase activity.

Changes in environmental pH not only have an influence
on bacterial homeostasis mechanisms (Padan et al. 2005),
but also affect the emulsifying capacity of various
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surfactants (Abouseoud et al. 2010). The third objective of
this in vitro study was therefore to investigate whether
environmental pH changes influence either the emulsifying
potential and/or the effect on ETEC membrane integrity of
glycine and its N-methylated analogues.

Materials and methods
Test compounds

Glycine (>99% purity), sarcosine (>99% purity) and
betaine (>99% purity) were obtained from Sigma Aldrich,
DMG (>97% purity) was obtained from Taminco (Tam-
inco N.V., Ghent, Belgium). All compounds were stored to
manufacturers’ guidelines until use. Compound character-
istics are summarized in Table 1.

Emulsifying potential

Emulsifying properties were measured by the method
described by Wu et al. (1998). Briefly, pure corn oil (2 ml)
and 6 ml of 1% test compound solutions in distilled water
(pH ranging from 6.5 to 10.0) were homogenized using an
Ultraturax at the highest setting for 1 min. Fifty-microliter
portions of the emulsion were pipetted from the bottom of
the container at 0 and 5 min after homogenization. Each
portion was diluted with 5 ml of 0.1% sodium dodecyl
sulphate (SDS) solution. After vortexing, the absorbance of
the dilutions was measured spectrophotometrically at

Table 1 Chemical structures and pKa values of glycine and its
N-methylated analogues at pH 6.5

Structure pKa amine pKa carboxylic
group acid group
Glycine coo" 9.78 2.35
~ 9 |
H—N—C=H
I
H/ H
Sarcosine H coo" 10.12 2.21
N+
H=—N—C—H
1
CH; H
DMG CH, coo" 10.01 1.87
N
H=N—C—H
I
CH, H
Betaine CH, coo® - 1.84

CH,—N— C—H
I

7
CH, H

DMG N,N-dimethylglycine
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500 nm (Genesys 10UV, Spectronic Unicam). The emul-
sifying stability index (ESI) was calculated using the fol-
lowing equation: ESI (min) = A x (AT/AA), where A, and
As are the absorbances of the diluted oil in water emulsions
at 0 and 5 min after homogenization, respectively, AT = 5
min and AA = Ag — As.

Bacterial strain and culture conditions

The hemolytic ETEC strain GIS26, serotype 0149:F4ac,
positive for heat labile (LT) and heat stabile (STa and STb)
enterotoxins, was grown overnight at 37°C in brain heart
infusion medium (Oxoid Limited, Hampshire, United
Kingdom) to stationary phase. Bacteria were collected by
centrifugation (10,000xg, 2 min, room temperature) of
1 ml of the bacterial culture containing approximately 10°
bacteria and then resuspended in each of the appropriate
test compound solutions in 0.85% NaCl.

Minimal inhibitory concentration (MIC)

Determination of the minimum inhibitory concentration
(MIC) for the test compounds was performed using the
agar dilution assay (CLSI 2008), using Mueller—Hinton
agar. Plates were incubated at 35°C (£2°C) for 16-20 h in
an aerobic atmosphere.

Flow cytometric assessment of bacterial membrane
integrity

A 50 mM solution of each test compound was made in
sterile saline. The pH of these solutions was adjusted to 6.5,
8.5, 9.0, 9.5 or 10.0 by HCI or NaOH addition. Overnight
grown ETEC were dispersed in 1 ml of each test solution
to a concentration of ~10° bacteria/ml. As a control,
pH-adjusted sterile saline was used. The bacterial suspen-
sions were incubated shaking for 1, 3, 6 and 20 h at 37°C.
After incubation, bacterial cells were collected by centri-
fugation (10,000x g, 2 min, RT), washed with sterile saline
and finally resuspended in 1 ml of sterile saline.
Membrane integrity was assessed using the LIVE/
DEAD BacLightTM kit (Molecular Probes Eugene, OR,
USA) as described by the manufacturer. This bacterial
viability kit is widely used in flow cytometry and consists
of two nucleic acid stains. Green fluorescent SYTO 9 is
cell-permeable and can freely enter all ETEC, either live or
dead. In contrast, red fluorescent propidium iodide (PI) can
only enter membrane-comprised cells. In our set-up 10 pl
of the treated bacterial cell suspension was added to 987 ul
of sterile saline. These samples were immediately stained
with 3 pl of a mixture of SYTO 9 (5 uM final concentra-
tion) and PI (30 uM final concentration) and incubated for
15 min in the dark at RT. Flow cytometric measurements

were performed immediately thereafter, using a FACSC-
anto flow cytometer (Becton, Dickinson and Company,
Erembodegem, Belgium). All data on the percentages of
live (L), intermediate (I) and dead (D) bacteria (all together
approaching 100%) were acquired and processed using
FacsDiva software (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA).

Plate counts

The number of colony forming units (CFU) per ml was
assessed by conventional plate count, which is based on
CFU values obtained from a 10-fold serial dilution of each
sample plated on Tryptone Soy Agar (Oxoid Limited,
Hampshire, United Kingdom) and incubated overnight at
37°C. These plate counts determine the number of cultur-
able bacteria in each sample.

Statistical analysis

ESI-values were normally distributed and homoscedastic.
Effects of the test compounds and of pH revealed signifi-
cant interaction in a two-factor ANOVA. For the com-
pound effect at different pH values, one-way ANOVA and
post-hoc comparisons with a Bonferroni adjustment were
applied. Correlation and stepwise linear regression were
further used to analyze the influence of pH on ESI, where
effects coding accounted for the compound present.

Flow cytometric data of the percentages of live, inter-
mediate and dead bacteria were arcsine-transformed to
obtain normal distributions; CFU values obtained by plate
counts were logarithmically transformed. In order to
compare the effects of the compounds after 20 h incubation
with the control condition at each pH, one-way ANOVA
was performed and followed by Dunnett multiple com-
parisons to the control condition. However, when the
variances were not homogenous (Levene’s test), Welch’
robust variation of ANOVA was used followed by Dun-
nett’s T3 multiple comparisons. A simultaneous piecewise
regression (broken stick) was used to describe the influence
of pH on the percentage of live bacteria, where reference
coding versus the control condition accounted for the
presence of a compound.

Statistical significance: p < 0.05.

Results
Emulsifying potential
Figure 1 presents the emulsifying stability index (ESI) of

sarcosine, DMG and betaine, compared to the non-meth-
ylated amino acid glycine under varying pH conditions. All
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Fig. 1 Emulsifying stability index (ESI) of glycine, sarcosine, DMG
and betaine. Data are expressed as means == SD of triplicate
experiments. DMG had the strongest ESI (p < 0.0005) compared to
glycine, sarcosine and betaine at all pH values tested. There is a
significant (positive) regression of ESI on pH, with ESI increasing by
0.42 £ 0.19 (p = 0.045) and 0.57 £ 0.13 (p = 0.001) minutes per
pH-unit for glycine and sarcosine respectively, but not for DMG
(p = 0.88) and betaine (p = 0.26)

data are the result of triplicate experiments, mean
values &+ SD are presented in the online supplementary
data table 1.

Results show that DMG has the strongest ESI
(» < 0.0005) compared to glycine, sarcosine and betaine at
all pH values tested. The effect of pH on ESI differs
between glycine, sarcosine and betaine. At pH 6.5; 8.5 and
9.5 there is no significant difference between these 3 test
compounds. At pH 9.0 glycine has a significantly higher
ESI than betaine, and at pH 10.0 sarcosine has a signifi-
cantly higher ESI than betaine. However, over the whole
pH range there is no significant difference between glycine,
sarcosine and betaine. These results suggest that there is no
influence of methylation degree on the ESI.

There is a significant (positive) regression of ESI on pH,
with ESI increasing by 0.42 + 0.19 (p = 0.045) and
0.57 £ 0.13 (»p = 0.001) minutes per pH-unit for glycine
and sarcosine, respectively, but not for DMG (p = 0.88)
and betaine (p = 0.26).

Minimal inhibitory concentration (MIC) determination
Concentrations ranging from 1 mM up to 100 mM of each

test compound were investigated for antibacterial potential
against ETEC. None of the tested compounds and
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concentrations inhibited visible bacterial growth (data not
shown). Therefore, the MIC values were above 100 mM
for the 4 compounds tested.

Flow cytometric measurement of membrane
permeability

Membrane integrity analysis with SYTO 9/PI revealed a
unique fluorescence pattern for the bacterial cell population
which is directly related to the degree of membrane dam-
age. As demonstrated in Fig. 2, three bacterial subpopu-
lations could be identified: live (L), intermediate (I) and
dead (D). With increasing membrane permeability the
bacterial population shifts from high a SYTO 9/low PI
fluorescence intensity to a state with an even further
increased SYTO 9 fluorescence intensity, and then to a
state of high PI/low SYTO 9 fluorescence intensity.
Percentages of live, intermediate and dead bacteria are
the result of triplicate experiments and all data are pre-
sented in the online supplementary data table 2. At pH 6.5
and 8.5 the membrane of the bacterial cells was not
affected by any of the test compounds. Results show a clear
pH-dependent increase in membrane permeability when
exposed to glycine, sarcosine and DMG, but not betaine, at
pH 9.0 to 10.0. Ilustrative flow cytometric dot plots of
ETEC samples incubated with DMG for 6 h at the various
pH values are presented in Fig. 3, while Fig. 4 presents the
live and dead bacterial subpopulations after 20 h of
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Fig. 2 Flow cytometric SYTO 9/PI dot plot presenting a population
of ETEC at different stages of membrane damage. The arrow
specifies changes in the position of various bacterial subpopulations
moving from live (L) over intermediate (I), to dead (D)
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Fig. 3 Flow cytometric SYTO 9(FL1)/PI(FL3) dot plots presenting
pH dependent ETEC membrane damage after incubation with 50 mM
DMG for 6 h at a pH ranging from 6.5 to 10.0. The L region

corresponds to live cells with intact membranes. The I region
corresponds to bacteria in an intermediate injured state with
comprised membranes. The D region corresponds to dead cells

Fig. 4 Percentage of live 100
(L) and dead (D) ETEC
subpopulations after 20 h of
incubation with glycine,
sarcosine, DMG, betaine and
sterile saline (control) at a pH
ranging from 6.5 to 10.0. Data
are expressed as means + SD of
triplicate experiments. There is
a significant increase in
percentage of dead bacteria in
the presence of glycine,
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incubation with each of the 4 test compounds and saline as
a control, at a pH ranging from pH 6.5 to pH 10.0.

A significant increase in the percentage of dead bacteria
was observed in the presence of glycine, sarcosine and
DMBG at pH 9.0 (p < 0.05) and even more so at pH 9.5 and
10.0 (p < 0.01). When exposed to the latter 3 compounds,
the percentage of live bacteria rapidly decreased after
3—6 h when incubated at pH 9.5 and after only 1-3 h when
incubated at pH 10.0 (time course data not shown). Table 2
presents the live, intermediate and dead bacterial subpop-
ulations after a 20 h incubation at pH 10.0. For glycine,
sarcosine and DMG the intermediate subpopulation is
located closer to the dead subpopulation on the flow
cytometric dot plots, compared to betaine and the control
sample where the intermediate subpopulation is situated
closer to the live subpopulation. In these samples that
where incubated for 20 h at pH 10.0 the percentage of
intermediates was significantly (p < 0.05) lower for the
bacteria incubated with betaine, in comparison with the
saline-incubated control sample.
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Table 2 Percentage (mean + SD) of live (L), intermediate (I) and
dead (D) bacterial populations after 20 h of incubation with glycine,
sarcosine, DMG, betaine and sterile saline (control) at pH 10.0

Live Intermediate Dead
Glycine 0.8 £ 0.95%* 5.9 £ 0.40** 93.7 &£ 1.01%*
Sarcosine 0.8 £+ 0.26%* 16.1 £ 1.04** 83.5 £ 1.48%*
DMG 0.2 £ 0.12** 21.7 £ 0.81 79.5 £ 0,49**
Betaine 78.8 £ 3.20 16.6 £ 1.65* 4.8 + 1.86
Control 70.3 £ 7.68 242 +5.12 5.8 +£2.56

* p < 0.05 (versus control)
** p < (0.01 (versus control)

Plate counts

All data are the result of triplicate experiments, mean
values & SD are presented in the online supplementary
data table 3. At pH 6.5 and 8.5 there was no significant
difference between the plate counts of the ETEC samples
incubated with saline, glycine, sarcosine, DMG or betaine.
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Fig. 5 Culturability of ETEC after exposure to 50 mM of glycine,
sarcosine, DMG, betaine and sterile saline (control) for 20 h at a pH
ranging from 6.5 to 10.0. There is a significant decrease in CFU/ml
when exposed to glycine, sarcosine and DMG at pH 10.0 (p < 0.01)

When incubated in more alkaline conditions, there was a
pH- and time-dependent decrease in the number of cul-
turable ETEC compared to saline when exposed to glycine,
sarcosine and DMG, but not to betaine. The CFU counts of
ETEC populations incubated with the different test com-
pounds for 20 h at pH 6.5-10.0 are presented in Fig. 5.
Interestingly, differences in colony size in ETEC samples
incubated with alkaline solutions of glycine, sarcosine and
DMG were observed. Samples of bacteria incubated with
the latter 3 test compounds formed smaller colonies as well
as normal sized colonies. In contrast, there was no signif-
icant difference between the betaine and the saline incu-
bated ETEC sample and no irregularly sized colonies were
present at none of the conditions tested.

Discussion

An emulsion is described as a heterogeneous liquid system
in which one liquid is dispersed in another in the form of
droplets (Yokoyama et al. 2001). In order to prepare an
emulsion that possesses a certain stability, it is necessary to
add an emulsifier to the mixture. Surfactants are often used
as emulsifiers and/or dispersing agents. It is quite con-
ceivable that amino acids could act as emulsifiers due to
their ampholytic nature (Zajic and Panchal 1976). Of rel-
evance, the pKa value of the amine group of glycine, sar-
cosine and DMG presented in Table 1, indicates that a
larger portion of these molecules will be present in their
anionic state with increasing pH, in contrast to betaine.
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In apparent contradiction to literature on the emulsifying
potential of several betaines, the current results did not
confirm this for glycine betaine. The emulsifying potential
of DMG has also been described in different contexts
(Cools et al. 2010; Kalmar et al. 2010a, b; Guan and Tung
1998). Kalmar et al. (2010a) added DMG to a water—oil
mixture and observed a stable emulsion. Our results con-
firm DMG to be a mild enhancer of emulsification.

Furthermore, when a surfactant accumulates in sufficient
quantity it is able to disrupt a lipid bilayer membrane (Xia
and Onyuksel 2000). Kraft and Moore (2001) state that
surfactant molecules adsorbing onto a lipid membrane can
induce ion permeability, possibly followed by membrane
solubilization. A disrupted ion permeability of the ETEC
membrane could be responsible for the degeneration of
these bacteria upon incubation with glycine, sarcosine and
DMG at an alkaline pH, as seen in the current experiments.
Some amino acid-based surfactants show antibacterial
activity through membrane altering actions (Sanchez et al.
2007). Data on the effect of N-methylated derivatives of
glycine on bacterial viability are however scarce.

Bacterial viability can be assessed on different levels:
bacterial cell growth, structure and metabolism. Growth-
based methods, such as the MIC and plate count methods
used in our experiments, represent the original concept of
bacterial viability solely based on their growth capacity
(Strduber and Miiller 2010). Nevertheless, this approach
does not provide detailed information on the effect of
glycine, sarcosine, DMG and betaine at the single cell
level, nor on the physiological state of the bacteria.

As we aimed to determine such effects of the investi-
gated compounds on the ETEC membrane, we used 2-color
flow cytometry, based on dual staining with SYTO 9 and
PI. This allowed to assess membrane integrity as a main
and complementary parameter of bacterial viability (Ber-
ney et al. 2006, 2007). The integrity of the cytoplasmic
membrane of bacteria is critical in maintaining their via-
bility and metabolic functions, particularly under stress
conditions (Mykytczuk et al. 2007).

The observed staining pattern relates to the extent of the
membrane damage present. The proportions of intermedi-
ate (I) and dead (D) bacterial subpopulations provide an
indication of the membrane altering potential of the com-
pounds under the conditions applied. These flow cytomet-
ric data clearly show ETEC membrane deterioration is due
to exposure to glycine, sarcosine and DMG, but not beta-
ine. This effect is both pH- and time-dependent as mem-
brane damage appeared faster at higher pH values, with an
onset at pH 9.0. The longer the bacteria were incubated at
those conditions, the more severe the induced membrane
damage. Although prolonged in vivo exposure of ETEC to
50 mM of the test compounds at pH 9.0 and higher is
unlikely, a clear pH dependent effect of glycine, sarcosine
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and DMG could be established in vitro. Prolonged incu-
bation with saline at the same pH also influenced bacterial
viability; this effect was only minor compared to the major
influence of glycine, sarcosine and DMG. The decrease in
number of culturable bacteria when incubated with glycine,
sarcosine or DMG at high alkalinity follows the same trend
as the decrease in the percentage of live bacteria shown by
flow cytometry. However, in the samples incubated for
20 h at pH 10.0 with each of these three test compounds
the portion of live bacteria is <1%, while there are still
culturable ETEC counted after plating. This observation
suggests that the subpopulation of intermediate bacteria is
heterogeneous consisting of culturable and non-culturable
ETEC, with varying degrees of membrane damage. The
existence of heterogeneity within the intermediate ETEC
subpopulation was also observed in several other samples
exposed to glycine, sarcosine and DMG, and confirms the
presence of various viability states within this intermediate
population. Another indication for the heterogeneity among
the damaged bacteria is the observation of different colony
sizes after plating of those samples (data not shown).

Comparing the different test compounds, there are no
arguments suggesting that the degree of methylation as
such is a key factor in the membrane altering effects. The
ability of the compounds to damage the bacterial mem-
brane under alkaline conditions follows the order gly-
cine & DMG > sarcosine, with betaine causing no
membrane damage under any of the tested conditions. On
the contrary, a protective role can even be suggested for
betaine.

The flow cytometric data do not concur well with the
data gathered on solely emulsifying potential. For DMG
the membrane effects could partly be explained by an
emulsifying action on the membrane, although the effect
of pH on its emulsifying potential was not statistically
significant. For glycine and sarcosine no obvious emulsi-
fying potential could be established, while flow cytometry
did indicate severe membrane damage due to exposure to
these two compounds under alkaline conditions. In con-
trast, flow cytometric results after 20 h of incubation also
showed a slightly higher percentage of live bacteria in
samples exposed to betaine, compared with the saline
treated controls. These findings are in agreement with the
lack of emulsifying properties as determined in the current
study for betaine. Our CFU counts confirm this positive
effect of betaine on ETEC survival under prolonged
alkaline stress conditions. Although the measured differ-
ences are small, they are systematically seen for all pH
values tested. The role of betaine as an osmoprotectant for
E. coli under osmotic stress is well described (Culham
et al. 2001; Ly et al. 2004; Tgndervik and Strgm 2007),
but the exact mechanism for its protective role under pH
stress is unknown. Nevertheless, there are indications of

overlapping mechanisms and roles for osmolytes in
osmotic and pH homeostasis (Kitko et al. 2010; Wang
et al. 2007). Betaine is preferably transported into
osmotically stressed E. coli via the membrane porters ProP
and ProU (Csonka 1989; Peddie et al. 2003). The
expression of the ProU gene in E. coli encoding for this
osmotically inducible transport system is influenced by
alkaline changes in cytoplasmic pH (Smirnova and
Oktyabrsky 1995), providing a strong argument for a
protective role of betaine under alkaline stress. Interest-
ingly, MacMillan et al. (1999) also describe an inhibitory
role for DMG and sarcosine on the uptake of the osmolyte
proline by the ProP osmoporter. This finding suggests that
both test compounds may also have an effect on ETEC
membrane pumps that are required to maintain homeo-
stasis under alkaline conditions. Moreover, our results
clearly show that alkaline stress alone does not cause
ETEC membrane damage, nor loss of culturability, under
the conditions described. It should however be considered
that the prolonged incubation of the bacteria in the saline-
based test solutions already causes starvation stress.
Although our results show no loss of membrane integrity
nor culturability due to incubation under these conditions
for up to 6 h, there is a minor increase in the percentage of
intermediates and a decrease in number of culturable
bacteria after 20 h of incubation in the control samples.
Nevertheless even in these 20 h incubation samples a clear
effect of glycine, sarcosine and DMG could only be seen
when incubated at pH 9.0 and higher. This latter obser-
vation suggests that starvation stress alone does not make
the ETEC more susceptible to the effects of the test
compounds when incubated for up to 20 h. If glycine and
its N-methylated analogues affect pH homeostasis mech-
anisms, such as membrane transporters which pump pro-
tons inside the bacterial cell to acidify the cytoplasm
(Maurer et al. 2005), it can be hypothesized that they will
indirectly cause structural damage to these bacteria.

In conclusion, the current results show a decrease in
ETEC viability due to membrane damage caused by gly-
cine, sarcosine and DMG under alkaline stress conditions,
while only DMG could by identified as a weak enhancer of
emulsification. In contrast, no emulsifying or membrane
altering properties could be established for betaine. Even
though the pH-dependent membrane altering effect of
glycine, sarcosine and DMG on ETEC is clearly demon-
strated, the underlying mechanism remains to be eluci-
dated. Questions to be answered are: does the pH-induced
altering in ionization state of glycine, sarcosine and DMG
molecules enable them to cause direct membrane damage,
or does the alkaline pH first effect bacterial homeostasis
mechanisms, allowing the latter compounds to affect ETEC
viability through structural damage, or is it a combination
of both effects? This will be the aim of ongoing research to
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clarify the mechanism of action of glycine and its N-
methylated analogues.
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