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Introduction
Low calorie low cost xylitol, a natural five carbon sugar-alcohol, 

is known to be affecting the genetic continuity of Streptococcus 
pneumoniae (causing pneumonia) and important members of 
the viridans group streptococci, including S. mutans (involved in 
dental caries), S. mitis (associated with bacteremia, meningitis, 
periodontal disease and pneumonia) [1-7]. These pathogens have 
similar diplococcic morphology and it is known that Streptococcus 
mitis bacterial species has several similar physiological characteristics 
common to S. pneumoniae including the ability to partially metabolize 
xylitol to produce a toxic xylitol intermediate, probably xylitol-5-
phosphate [8-14]. Our Raman spectroscopic studies have recently 
confirmed the formation of this xylitol intermediate by the metabolism 
of xylitol in both Gram-positive and Gram-negative bacteria, provided 
they contained the xylitol operons [15]. Moreover, we have shown that 
xylitol exposure interferes with the ability of these bacteria to retain 
the crystal violet, a dye essential in Gram staining technique [15]. A 
thinning of bacterial cell wall thickness may have occurred during their 
growth in xylitol, resulting in this reduced retention of crystal violet 
molecules. In addition, other studies on the ultra-structures of xylitol 
exposed pneumococci, have shown diffused cell wall structure, and 
thinly dispersed polysaccharide capsule [16]. Besides the Gram staining 
color difference, we have shown that diplococcic individuals are more 
prone to exist in long chains once xylitol is uptaken and metabolized 
by them [15]. We believe that xylitol metabolism results incomplete 
cleavage of the cross linkages of peptidoglycan layers during bacterial 
cell division. As a result, formation of diplococcic individuals in long-
chains becomes more feasible [17]. However, it has been reported 
that diplococcic individuals or diplococcic individuals in short-
chains are necessary for virulence of pneumococci [17,18]. Since these 
bacteria display morphological heterogeneity with respect to chain 
length, they maintain an avirulent commensal status (long-chains) 

Abstract
In this work we are presenting our novel adaptation of flow cytometry for the determination of change of 

diplococcic Gram-positive Streptococcus mitis population heterogeneity by their xylitol metabolism. The inherent 
population heterogeneity of the bacteria due to their growth in-chains of varying lengths was grouped into three 
different groups by flow cytometric analysis, designated as gates P1, P2 and P3. Gate P1 consists of the bacterial 
subpopulation with minimum cell wall thickness and therefore the least side scattering, while gate P3 consists of the 
subpopulation with the most side scattering (corresponding to the thick bacterial cell wall). According to our results 
gate P1 contains bacteria in long-chains, while P3 contains individual bacteria. When these diplococcic bacteria 
were grown in the presence of 2% xylitol more homogeneous population was seen as P1 gate was populated 
with approximately 80% of the total population. These results suggest that once xylitol is metabolized by these 
bacteria, they stabilize in long chains. These ‘xylitol stabilized’ long chains arose apparently by incomplete bacterial 
separation, contains individual bacteria with reduced cell wall thickness, resulted less side scattering. The optimum 
population homogeneity was achieved when these bacteria were grown in 2% xylitol and 300 ppm fluoride containing 
medium, as measured by the bacterial population percentage in gate P1. Since these bacteria in long chains are 
known to be in a latent phase, our findings demonstrate that if appropriately developed xylitol has potential to use as 
an alternative antimicrobial for life threatening diseases.

as well as pathogenic status (short-chains) [18,19]. In combination 
of these observations, and our previous findings we postulate that 
morphological heterogeneity with regard to chain length of these 
Gram-positive bacteria can be reduced by their growth in xylitol (2% or 
higher). As a result these bacteria may exist in commensal status with 
‘xylitol stabilized’ long chains. In this work, we examined the change of 
the total bacterial population heterogeneity upon xylitol metabolism by 
adapting flow cytometry and a well-defined overall physiological state 
was revealed in terms of their heterogeneity. This technique is being 
used as a powerful tool to characterize mechanisms of both bacterial 
and viral pathogenesis due to its simultaneous analysis capability 
of several important parameters together with specificity for both 
qualitative and quantitative analysis [20-25]. Since technique(s) with 
high accuracy and fast scanning ability is a must to confirm the xylitol 
metabolism by the entire population of pathogens, our adaptation of 
flow cytometry is well suited for such analysis.

Here we present our novel adaptation of flow cytometry as a simple, 
accurate and fast technique to monitor in vivo changes of population 
heterogeneity of Streptococcus mitis apparently induced by the 
metabolism of xylitol. These studies are important when determining 
the potential application of xylitol as an alternative preventive 
antimicrobial therapy for these life-threatening bacterial infections. 
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Methods and Materials
Bacterial strains and experimental conditions

A Gram-positive, catalase negative, non-hemolytic (γ), and bile-
esculin negative 'pure' cultures of Streptococcus mitis (ATCC 6249) 
were grown overnight (10 to 14 h) in brain heart infusion (BHI 
containing dextrose (5 g/l), DIFCO, Becton Dickinson) 37°C. The 
overnight cultures of Streptococcus mitis were diluted 100 fold in fresh 
BHI containing medium as one experimental set, and the other set of 
experiments were performed by diluting the overnight culture by 10, 
000 fold. Xylitol stock solution (20%), pre-warmed to 37°C, was added 
to varying concentrations, 0 to 6% without diluting the growth media. 
A well characterized strain of E. coli K-12 was used as a Gram negative 
internal control for thin cell wall, as well as absence of xylitol loci [15]. 

Bacterial growth was monitored by counting the colony forming 
units on a solid BHI agar media after appropriate dilutions as well as by 
measuring optical density at 580 nm. 

Flow cytometric analysis

In each experiment bacterial cells were harvested by centrifugation 
after overnight (14 h) incubation at 37°C. The pellet was fixed with 1% 
freshly prepared formaldehyde solution for 1h at ambient temperature 
and washed twice in phosphate buffered saline (PBS). Bacterial cells 
were re-suspended in PBS and adjusted to an OD580 nm of approximately 0.8. 

Bacteria were then analyzed by flow cytometry (LSRFortessa, 
Becton Dickinson), acquiring 10,000 events within the characteristic 
flame-shaped region in the Forward Scatter Count (FSC)/ Side Scatter 
Count (SSC) dot plot, which excludes debris and large cells. FCS 
parameter measures the light scattered less than 10 degrees as a cell 
passes through the laser beam. The FSC measurement is related to cell 
size. SSC parameter measures the light scattered at a 90 degree angle 
as a cell passes through the laser beam. This measurement is related 
to the internal granularity or cell surface roughness. We gated 3 
subpopulations of bacteria according SSC (Side Scatter Count) /FCS 
(Forward Scatter Count): P1 - 50K/100K; P2 - 150K/100K and P3 - 
250K/100K. For all our analyzed samples we kept this gate selection 
constant for easy and accurate comparison. 

Xylitol-Flouride experiments

Varying concentrations of xylitol (0 to 6%) and fluoride (0 to 300 
ppm NaF (Bio labs) were added simultaneously for each culture (the 
overnight cultures of Streptococcus mitis diluted either 100 fold or 10, 
000 fold) and grown overnight at 37°C. 

Gram-stain preparations of S. mitis were made after growing 
similary in BHI medium. These experiments were repeated several 
times using the standard Gram-staining technique and optical 
microscopy (final magnification 1000-fold).

For each condition in this study at least 3 replicates were performed 
and Students t-test was performed to calculated std.error. 

Results 
Population heterogenity of diplococcic Streptococcus mitis 
based on cell wall thickness

When Streptococcus mitis cultures were grown overnight at 37°C 
in the absence of xylitol (control sample) heterogeneity of population 
with respect to cell wall thickness was seen (Figure 1A). In Figure 
1A, P1 gate (percentage of bacterial population due to the least side 

scattering), related to 33.3 percent of bacteria, while P2 gate (percentage 
of bacterial population due to the medium side scattering), and P3 gate 
(population due to the most side scattering) represent 58.0, and 7.7 
percent respectively. 

To facilitate the uptake of xylitol by breakage of bacterial chains 
(growth phase metabolism) we changed the bacterial number by 
diluting overnight cultures of Streptococcus mitis by 100 fold in one set, 
and by 10,000 in the other set before grown in the presence of xylitol. 
When overnight cultures of Streptococcus mitis were diluted by 100 
fold and were grown in the presence of xylitol (2 to 6%) differences 
of heterogeneity were observed, compared to that of the control (S. 
mitis without xylitol) (Table 1A). Moreover, when overnight cultures 
of Streptococcus mitis were 10,000 fold diluted and grown in the BHI 
medium containing varying concentrations of xylitol (up to 6%) further 
reductions of heterogeneity were seen; P1 population percentage 
have been further increased, while P2 and P3 populations have been 
decreased (Figure 1B and Table 1B). In contrast, the population 
percentages observed when overnight cultures of Streptococcus mitis 
were 100 fold diluted and grown without xylitol were not different to 
the population percentages observed when overnight cultures were 
10,000 fold diluted and grown without xylitol at 95% confidence 
interval (Student t test) (Table 1A and Table 1B). 

Interestingly, when overnight cultures of Streptococcus mitis 
were 10,000 fold diluted and grown in the presence of varying 
concentrations of xylitol, the maximum P1 population percentage was 
achieved for 2% xylitol treated Streptococcus mitis and P1 population 
percentages observed for 4% and 6% xylitol treated Streptococcus mitis 
were not different to that of 2% xylitol treated Streptococcus mitis at 95% 
confidence interval (Student t test) (Table 1B). 

When similar studies were performed using E. coli K-12 as an 
internal control for homogeneous population, their total population 
was seen in gate P1 (Figure 2A). Furthermore, the bacterial population 
distribution was not significantly changed for E. coli K-12 when similar 
xylitol experiments were carried out. Figure 2B shows the unaffected 
distribution of E. coli K-12 population in the presence of xylitol (2%). 

Efficacy of xylitol in combination with fluoride 

The population heterogeneity observed for any combination of 
xylitol (up to 6%) and fluoride (10 to 200 ppm) treated samples were not 
different to xylitol (up to 6%) treated samples. However, when higher 
concentrations of fluoride were used (300 ppm) in all combinations 
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P1 P2 P3
80 16.8 0.4

 

 

P1 P2 P3
33.3 58.0 7.7

 

Figure 1: Dot-plots showing the heterogeneity of populations of Streptococcus 
mitis grown for 14 h, (A) without xylitol, (B) grown similarly in medium containing 
xylitol (2%).
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with 2 to 6% xylitol, P1 percentages increased significantly. Interestingly, 
when overnight cultures of Streptococcus mitis were diluted to 10,000 
fold and grown overnight in the presence of xylitol, 0 to 6% with 300 
ppm fluoride, the percentage of P1 population reached the maximum 
and gets plateaued at 2% xylitol condition. Both P2, and P3 population 
percentages were further decreased with the combined effect of 
fluoride and xylitol. Data obtained for 2% xylitol and 300 ppm fluoride 
combination is shown in Figure 3 as representative data. 

Viabilty analysis of diplococcic Streptococcus mitis grown in 
Xylitol 

In order to confirm that these Streptococcus mitis are all viable after 
exposing to xylitol (upto 6%), we spread them on BHI-agar medium, 
and counted the colony forming units after overnight incubation at 
37°C. We have observed comparable bacterial colony forming units. 

Gram staining and optical microscopy

The Gram-stain preparations for the control (grown without 
xylitol) revealed all purple diplococci together with a small percentage 
of smaller spherical ones, poorly stained (indicated by arrows in Figure 4). 

Discussion
The Gram-positive Streptococcus bacteria grow in chains of variable 

lengths [18]. The heterogeneous population thus created with respect 
bacterial morphology and size consists of diplococcic individuals, 

diplococcic individuals in short-chain forms, and diplococcic in long-
chain forms. The chain formation of these bacteria results due to the 
incomplete cleavage of the peptidoglycan layers during bacterial 
cell division [17]. In the past, this bacterial heterogeneity arises due 
to bacterial cell division has been interpreted in terms of colony 
morphologies, such as rough (R) colonies and smooth (S) colonies 
[26]. However, many confusion and difficulties were arisen due to 
this classification based on the colony morphologies, and it has been 
reported later that these colony morphologies are not representing 
genotype differences, but merely the phenotypic differences resulted 
in cellular separation after cell division [27,28]. Moreover, due to the 
fragile nature of these bacterial chains, during the course of dilution 
techniques and spreading procedures these chains may get dissociated 
randomly leading to erroneous observations. Therefore, it is apparent 
that if these heterogeneities are characterized with respect to bacterial 
cellular attributes, the existing ambiguities resulted due to colonial 
classification with respect to their pathogenecity can be eliminated. 

The present study shows our adaptation of flow cytometry as 
a fast and accurate tool in determining total bacterial population 
heterogeneity, with respect to their cell wall thickness. The inherent 
heterogeneity we observe for Gram -positive control samples of S. mitis 
in the absence of xylitol represents their growth-pattern consists of 
diplococcic individuals and chains of diplococcic individuals in varying 
length [18]. As shown in Figure 1A, inherent bacterial population 
heterogeneity has been gated with respect to side scattering count (SSC), 
which is related to bacterial cell wall thickness. We hypothesized that 
bacteria in chains are responsible for the least SSC, mostly the P1 gate, 
due to the thinly dispersed bacterial cell wall resulted by the incomplete 
cleavage of the peptidoglycan layers during bacterial cell division. In 
contrast individual diplococcic bacteria can give rise to higher SSC 
value as they have relatively thick bacterial cell wall. Therefore according 
to our classification P3 gate consist of individual diplococcic bacteria, 
while P2 gate has individual bacteria in short chains. 

In contrast to the heterogeneity we observed for Streptococcus mitis, 
a homogeneous population of E. coli -12 was observed (Figure 2A), 
as almost total bacteria were populated in gate P1. Since E. coli K-12 is 
not growing in chains of varying lengths, comparable SSC values were 
obtained for the total population due to the presence of a one kind thin 
cell wall thickness.

Interestingly, in the presence of xylitol (up to 6%), more 
homogeneous Streptococcus mitis populations were resulted as appeared 
in population of P1 gate (Figure 1B). With our previous publication it 
confirms that due to the stable presence of xylitol derivative (as resulted 
by the xylitol metabolism) these diplococcic bacteria are more prone 
to exist as chains [15], hence P1 population increased. Moreover, 
the reduced SSC data in the presence of xylitol supports previously 
observed thinning of cell wall thickness of pnemococci due to the 
exposure of xylitol [16]. 
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Figure 2: Dot-plots showing the homogeneity of populations of E.coli K-12 (A) 
grown for 14 h and (B) similarly grown with 2% xylitol.

P1 P2 P3
98.4 1.0 0.1

 
Figure 3: Dot-plots showing the heterogeneity of Streptococcus mitis when 
overnight cultures were diluted to 10,000 fold and grown for 14 h in the 
presence of 2% xylitol and 300 ppm fluoride.

 

 

Figure 4: Overnight culture of S. mitis (10,000 diluted in BHI (Control)). Arrows 
show the presence of small spherical population, partially lacking cell walls. 
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Based on the similaritities of the heterogeneties we have seen for 
the control (the Streptococcus mitis grown without xylitol) it is obvious 
that initial dilution factor (either 100 dilution of the overnight culture 
before exposing to xylitol, or 10,000 fold initial dilution overnight 
culture before exposing to xylitol) is not responsible for the observed 
heterogeneity change seen in xylitol exposed Streptococcus mitis. It 
seems like when overnight cultures were 100 fold diluted there may be 
a percentage of bacterial population still in chains, and are not capable 
of uptaking xylitol. Another possibility is when overnight cultures were 
100 fold diluted there are more bacteria to begin with, therefore xylitol 
can be a limiting factor. Therefore, if we increased the concentration of 
xylitol from 1 to 6% by keeping the dilution factor a constant (100 fold), 
the chance for bacteria to utilize xyliol should be increased, resulting 
higher percentage for P1 population. Results shown in Table 1A, 
support this phenomenon. Further it was clear from Table 1B data that 
upon higher initial dilution (10,000), P1 population reaches maximum 
when grown in the presence of optimum concentration of xylitol (2%). 
This supports that at higher initial dilution (10,000), Streptococcus 
mitis in-chains have been converted to individual diplococcic which 
can actively metabolize xylitol, and xylitol is not becoming the limiting 
factor. However, based on our xylitol experimental results, even with 
10,000 dilutions the maximum P1 population observed was about 90%, 
suggesting the presence of non-growing Streptococcus mitis probably 
with chains. Since it has been reported that chaining of streptococci 
can be reduced by the action of fluoride due to the loss of glucan-
binding lectin activity [29], in order to increase the efficacy of xylitol 
we have combined fluoride with xylitol. Fluoride concentration up to 
300 ppm were not effective enough to show significant changes of the 
heterogeneity as measured by the flow cytometry. By the results of our 
xylitol-fluoride experiments, it seems like the remaining individual 
diplococci in-chains (after 10,000 fold dilution of the overnight culture) 
have been dissociated into individual diplococci which can efficiently 
metabolize xylitol. Thus, the percentage of P1 due to 'xylitol stabilized' 
chains increased significantly as seen in Figure 3. In our experiments, the 
condition with the minimum amount of xylitol and minimum amount 
of fluoride in a bacterial cultures which gave the highest P1 population 
was defined as the optimum combined condition  As shown in Figure 
3, the optimum combined effect was seen when overnight cultures of 
Streptococcus mitis were diluted to 10,000 fold and grown overnight 
in the presence of 2% xylitol, and 300 ppm fluoride. However, if 100 
fold initial dilution was used in order to obtain the optimum combined 
condition, 6% xylitol in combination with 300 ppm fluoride had to be 
used. Moreover, if xylitol concentration was reduced to 2%, the fluoride 
concentration had to be increased to 600 ppm to see the same effect 
(results not shown). These results suggest that not only the xylitol, and 
fluoride concentration, the initial dilution of the overnight culture is 
also playing an important role in determining their heterogeneity with 
respect to chain lengths of Streptococcus mitis. 

The confirmative determination of the changes of morphological 
heterogeneity of bacteria due to the effect of antimicrobial drugs, in our 
case xylitol, the results obtained only from the colonial appearance are 
not sufficient enough. The reasons include, the use of only a very small 
fraction of the actual bacterial culture as a representative sample after 
several serial dilution steps (these experimental steps may dissociate 
bacterial chains into diplococcic individuals), and relative slowness 
as we have to grow the microorganisms in appropriate growth media. 
Therefore, it is evident from our studies that flow cytometry can be 
adapted as an efficient, and accurate tool for monitoring the changes 
of total bacterial population heterogeneity when determining the 

applicability of xylitol and/ fluoride as an alternative antimicrobial 
therapy against pathogenic bacteria.
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