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Flow cytometry (FC) has been introduced to characterize and to assess the physiological states of micro-
organisms in conjunction with the classical plate-counting method. To show the applicability of the technique,
in particular for the development of kinetic models, pure culture fermentation experiments were followed over
time, using both prokaryotic (Lactobacillus hilgardii) and eukaryotic (Saccharomyces cerevisiae) microorganisms
growing in standard culture media (MRS and YPD). The differences observed between the active and viable
cells determined by FC and CFU, respectively, allowed us to determine that a large number of cells were in a
viable but nonculturable (VBNC) state, which resulted in a subpopulation much larger than the damaged-cell
(double-stained) subpopulation. Finally, the determination of the evolution of viable, the VBNC, and the dead
cells allowed us to develop a segregated kinetic model to describe the yeast and the bacteria population
dynamics and glucose consumption in batch cultures. This model, more complete than that which is tradi-
tionally used, based only on viable cell measurements, describes better the behavior and the functionality of the
cultures, giving a deeper knowledge in real time about the status and the course of the bioprocesses.

Accurate measurements of biomass, substrate consumption,
and product formation are the most important parameters for
bioprocess control and evaluation. Measurement of active bio-
mass is essential for determining growth rates and cell yields
and for providing a base for kinetic model formulations. The
presence of a high proportion of dormant, dying, or dead cells
at any time during a fermentation process will have an obvious
detrimental effect on the synthesis of any desired product (56).

The most common method for measuring cell mass is dry
weight, but it is not sufficiently accurate for analyzing very
dilute concentrations of cells, requiring high volumes, and can-
not differentiate subpopulations or discriminate microorgan-
isms from debris (51). The measurement of wet weight is a
faster method, but it is considered less accurate than measur-
ing dry weight, thus, it is not used. Turbidity measured as
optical density is one of the few on-line methods available for
monitoring cell growth during a process. It rarely takes into
account background medium composition being replaced by
dry weight values for the final evaluation of the results (21)
after the construction of a standard calibration curve. For cell
number measurements, cell counting on agar plates is the
method most commonly used to measure viability of a cell
population, considering that a cell is viable when it shows
reproductive ability, thus imposing a two-value logic basis (41).
This is an off-line, indirect, and slow method, and it fails be-
cause sometimes the cells cannot reproduce in an artificial
environment (11, 36). The inability of a cell to divide is not the
same as cell death, as this argument is subject to extensive
discussions and investigations (9, 26, 36, 39, 40, 41, 56).

Classical techniques (turbidity measurement, dry weight de-
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termination, and plate counting method) give information
about microbial growth associated with cell division but do not
consider physiological states. Mathematical models based on
these types of techniques become inaccurate when it is as-
sumed that microbial populations are homogeneous with re-
spect to their physiological state but heterogeneities are known
to exist (9, 19, 30, 36, 41). Cell cultures normally are hetero-
geneous due to factors such as the cell cycle, inhomogeneous
cell microenvironments, and genetic differences (23). The de-
velopment of kinetic models requires rigorous and accurate
information about physiological states in a certain population.
Flow cytometry (FC) can reveal information about the dynam-
ics and physiological heterogeneity of microbial populations
and describes more accurately the population than the average
values obtained from traditional techniques (46, 50, 59).

Flow cytometry is applicable for quantitative analysis of total
microbial biomass. Measurements are made very rapidly with a
large number of individual cells and give objective and accu-
rate results (7, 12, 54, 63). This technique has been useful for
the analysis of nonculturable bacteria cells (14) as well as for
monitoring changes in bacterial subpopulations under growth-
limiting conditions (5). Other FC studies have been used to
describe the Saccharomyces cerevisiae cell cycle (52, 62), met-
abolic studies (55), cell characterization (47), and single-cell
glucose uptake rates (34), as well as biotechnological applica-
tions. In this field, assessment of cell functionality has been
applied to fermentation technology and on-line bioprocess
control, quality control in the food industry, bioremediation,
and mammalian cell cultures, among others (36, 50, 53). How-
ever, application of data obtained by the FC technique to
kinetic modeling is still very scarce. Alcon et al. (1) formulated
a growth-structured kinetic model applied to Candida bombi-
cola growth based on intracellular compound measurements
by FC.

The first aim of the present study was to evaluate the dif-
ferences between the application of traditional techniques and
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FC analysis for microbial kinetics. In order to establish the
application of the procedure, yeast and lactic acid bacteria (the
main microorganisms used in conducting wine and cider fer-
mentations) were grown as pure cultures under batch condi-
tions in standard semisynthetic media (YPD and MRS) after
preservation treatments (the active dried form and freezing,
respectively). Experimental data for the total biomass obtained
by optical density measurement (OD) and cell counting and by
FC analysis during cell growth were fitted to mathematical
models, and kinetic parameters were compared. Finally, a seg-
regated kinetic model was proposed for describing the profile
of cell subpopulations at different physiological states (viable,
viable but not culturable [VBNC], and dead cells) and glucose
uptake.

MATERIALS AND METHODS

Microorganisms and culture conditions. The yeast used in this work was a
strain of Saccharomyces cerevisiae var. bayanus in an active dried form (strain
Pasteur Institute, Paris, 1969, “Champagne”) supplied by Novo Ferment (Swit-
zerland), generally used in industrial cider production in Asturias (northern coast
of Spain). The malolactic bacteria was identified by molecular techniques as
Lactobacillus hilgardii (Lc2) and was previously isolated from the cellars of the
Asturian cider-making industry Sidra Escanciador, S.A., (Villaviciosa, Princi-
pado de Asturias, Spain), and stored at —20°C in glycerol (20% [vol/vol]).

Yeasts were grown in Erlenmeyer flasks (250 ml) containing 50 ml of YPD
medium (2% [wt/vol] glucose, 2% [wt/vol] peptone, 1% [wt/vol] yeast extract)
under aerobic conditions (250 rpm in an orbital shaker [New Brunswick Scien-
tific, Edison, NJ]) at 28°C for 360 h.

Bacterial cells were grown in MRS medium (Biokar, France) under mi-
croaerophilic conditions (without shaking) and incubated at 30°C for 96 h.

Sampling. Yeast and bacterial growth was followed by measuring OD at 660
nm (ODyg), by plate counting on solid media, and by FC. Samples were taken
throughout growth curves, and cells were harvested by centrifugation and washed
twice in phosphate-buffered saline (pH 7.4; 0.22-wm-pore-size filtered). Cell
concentration was adjusted to 4 X 10° cells ml~! in the same buffer used for FC
measurements. Flasks containing bacteria were shaken just before sampling in
order to homogenize the biomass content. Supernatants were filtered (0.45-um
pore diameter) and frozen (—20°C) until glucose (substrate) analysis.

Growth curves were carried out in duplicates, as two independent experi-
ments, for each microorganism. The data were finally expressed as the means of
the values obtained.

Two-sample comparison was performed with statistical software (Statgraphics
Plus 3.11).

Turbidity measurements. The evolution of biomass was determined by follow-
ing the ODgq, of medium with bacterial growth (UV 1203 model spectropho-
tometer; Shimazdu) versus that of a blank (the same medium without cells). OD
data were converted to dry weight using the corresponding calibration curve
previously obtained, and the results were finally expressed as g - liter .

Plate counting. Cells were held in the “hot spot” of a sonication bath for 2 to
3 seconds just before plating to avoid aggregates (21). Numbers of viable yeast
and bacterial cells were determined by the standard counting method by plating
statistically significant dilutions (20 to 200 colonies per plate) in triplicates on
YPD and MRS plates (containing 2% [wt/vol] agar), respectively. Colonies on
plates were enumerated after 2 and 6 days, respectively, of incubation at 30°C,
and viable counts were expressed as CFU/ml, as averaged values. Under these
conditions, assuming that a colony originates from a single cell, viable cells were
finally expressed in g - liter ™!, taking into account the calibration curve obtained
for total cells stained by DRAQS (cells - ml~") versus dry weight (g - liter ™).

FC counts versus dry weight. Cell suspensions at different OD values were
filtered through 0.45-wm nitrocellulose membranes previously dried (110°C,
24 h), washed with distilled water (two volumes) and dried until reaching con-
stant weight (110°C, 24 h). Aliquots for the same cell suspensions were stained
with DRAQS. In previous work (20) sonication of malolactic bacterium samples
was tested (15 and 30 s) to avoid problems associated with cell aggregation.
Results obtained led us to consider than the standard two phosphate-buffered
saline washes performed, including vortexing, were enough to avoid aggregation.
In this work, to ensure sample homogeneity and in order to use the same
procedure as for the plate counting method, cells were sonicated for 2 to 3
seconds just before FC analysis. Corresponding calibration curves were devel-
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oped. Measurements were carried out in triplicates, and the average values were
used. Thus, cells were finally expressed in g - liter !, in order to use the same
units.

Staining for flow cytometry analysis. Total counts of cells were determined by
using a DRAQS single-staining method (Biostatus Limited, United Kingdom) to
differentiate the microorganisms from other particles in samples. Dual staining
(with ChemChrome V6 [CV6] and propidium iodide [PI]) was used for each
sample, as these stains differ in their spectral characteristics and their abilities to
penetrate cells. CV6 (Chemunex, France) allowed labeling of metabolically ac-
tive yeast and bacterial cells, thus comprising the fraction of active cells not able
to grow on plates (VBNC cells). PI, a fluorescent nucleic acid dye, was used to
stain dead cells. Staining solutions were added to 200 pl of the cell suspensions
and incubated in the dark. Based on previous work (20) using control samples,
regions were gated for the different fluorescence patterns of each microorganism.
Finally, in order to validate the CV6-PI dual-staining assay, unstained, DRAQS-
stained, CV6-stained, and Pl-stained cells and double-stained controls were
tested, and gates were defined as dot plots of green and red fluorescence.

Flow cytometry analysis. Experiments were carried out using a Cytomics FC
500 model (Beckman Coulter) with 488-nm excitation from an argon-ion laser.
All parameters were expressed on a logarithmic scale. DRAQS red fluorescence
data were collected in the FL4 channel (675 nm). Fluorescence data for cells
stained by CV6 and PI were collected in channels FL1 and FL3 (525 nm and 610
nm, respectively) in a dual dot plot. The detection threshold was set at medium
rate. Fluorescent microspheres (Perfect Count, Cytognos, Salamanca, Spain)
were added to each sample as an internal reference, following the supplier’s
recommendations for ratiometric counting. In order to get a significant number
of cells to ensure the efficiency of the test, 2,000 microspheres were acquired for
each analysis. When less than 100 positively stained cells (with PT or CV6) were
detected, the result was not considered significant (37). Data analysis was carried
out using Cytomics RXP Analysis (Beckman Coulter).

Glucose analysis. Glucose in MRS and YPD supernatants was analyzed by the
dinitrosalicylic acid method for determining reducing sugars (33), modified as
reported previously (45).

RESULTS AND DISCUSSION

Population dynamics determined by turbidity, by plate count-
ing, and by flow cytometry. Cell concentration was followed
throughout yeast and bacterial growth curves by turbidity (OD
measurements), plate counting, and FC analysis in combina-
tion with fluorescent dyes. In this latter case, total cell numbers
were determined by DRAQS single staining. CV6, a fluoro-
genic ester that is cleaved in the presence of esterase activity,
was used as the indicator of the cell subpopulation considered
metabolically active. PI-stained cells presumably have a com-
promised membrane, allowing the ionic dye to enter the cells.
The multiparametric analysis permitted distinction among dif-
ferent populations with dual parameter dot plots: CV6-stained
cells (metabolically active), PI-stained cells (dead), and CV6-PI
stained cells (dual-stained, intermediate populations considered
damaged) (Fig. 1).

Figures 2 and 3 show the different cell populations measured
by FC (total, metabolically active, dead, and damaged double-
stained cells), plate counting (viable cells), and OD evolution
(expressed as dry weight in g - liter ") throughout yeast and
bacterial growth curves, respectively. As previously mentioned,
cell concentration determined by FC was expressed in
g - liter ! using a calibration curve (DRAQS5 staining versus
dry weight) calculated for yeast and bacteria.

In Fig. 2, yeast biomass (expressed as dry weight) and the
number of total cells (obtained by FC) increased until station-
ary phase was reached (at 63 h). At the beginning of this stage,
total biomass values calculated by both techniques were of the
same order, 10 and 15 g - liter* by OD and FC, respectively.
From this point, biomass values were maintained at a constant
level all through the stationary phase, although small oscilla-
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FIG. 1. Green and red dot plots for yeast (a) and bacteria (b). Different regions (subpopulations) were gated in each case according to their
staining properties: A, CVo6-stained cells (metabolically active); B, PI-stained cells (dead); C, double-stained cells (damaged).

tions were observed, probably due to sample handling. The
mechanisms by which yeast cells survive prolonged periods of
nutrient limitation and resume proliferation remain unclear
(64). The same authors considered that the ability to maintain
viability without added nutrients is likely to be the most rigor-
ous physiological definition of entry into stationary phase.

It should be noted that the population of active yeast cells
(CV6 stained) as determined by FC was very close to the total
cell number (DRAQS stained), and there was no evidence of
PI-stained or doubled-stained cells in yeast growing at expo-
nential phase (using a commercial active dried form as inocu-
lum). An increase in cell viability and in cells showing meta-
bolic activity was observed until 63 h, although only ~30 to
34% of metabolically active cells were capable of forming col-
onies on solid medium. Not only metabolic activity but also
yeast culturability were maintained over time until 358 h of
incubation (during stationary phase). At this time, 90.4% of
total cells were stained with CV6, but only 33.7% were cultur-
able on solid medium. In addition, PI-stained and double-
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FIG. 2. Experimental results for yeast growth over time. Total cells
A, metabolically active cells A, viable cells (@), dead ([]), and double-
stained (X) cells are expressed in g - liter 1 in the main y axis. Total
biomass expressed as dry weight (g - liter ') (#) is shown in the sec-
ondary y axis.

stained cells were 1.9% and 2.2% of the total number, respec-
tively.

For bacterial growth, an increase in total biomass and in cell
numbers, determined by OD and FC, was observed during
exponential phase and different biomass values were reached
at the end of this stage (0.8 and 1.9 g - liter ! by each tech-
nique, respectively) (Fig. 3). After 29 h of bacterial incubation,
values remained approximately constant all through stationary
phase. A culturable subpopulation was maintained for ~11 to
21% of active cells during exponential and stationary phases.
Only a small subpopulation (4% of total cells) was found by PI
staining to show compromised membranes in the exponential
phase. Cells stained red exhibited a loss of membrane integrity
which resulted in the collapse of the cell energetics and active
transport, that is, in the death of the cell (17, 35). Ericsson et
al. (17) reported that for Escherichia coli cultures growing at
the exponential phase, no cells were found to have lost mem-
brane integrity and false IP positives were not identified. It
should be kept in mind that in this work, a freezing culture was
used as inoculum. The doubled-stained population of L. hil-
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FIG. 3. Experimental results for bacteria growth with time. Total
cells (A), active cells (A), viable cells (®), dead cells ((J), and double-
stained (X) cells are expressed in g - liter ! in the main y axis. Total
biomass is expressed as dry weight (g - liter™') () in the secondary y
axis.
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TABLE 1. Kinetic parameters for S. cerevisiae and L. hilgardii growth by dry weight and FC measurements

Parameter
Organism Cell concen (C,) ] y -
b (b 7 (g liter ) k() o e
S. cerevisiae Biomass total (dry wt) 0.03 0.10 0.20 0.54
Total cells (by FC) 0.05 0.06 0.22 0.85
L. hilgardii Biomass total (dry wt) 0.12 1.20 0.35 0.05
Total cells (by FC) 0.15 0.53 0.38 0.12

gardii increased between 0.5 and 5% throughout bacterial
growth in the exponential phase, considered a membrane-dam-
aged subpopulation, a transient step between active and mem-
brane-compromised or irreversibly membrane-damaged states.
After 63 h of bacterial incubation, not only was there a slight
decrease in total cell counts but a drop in cell viability (less
than 5% of active cells) and in the metabolically active popu-
lation was also observed. During this period of decline (the
death phase), an increase of Pl-stained cells was simulta-
neously observed, reaching values similar to that of the CV6-
stained population at 95.5 h. At this moment, 66% of bacteria
failed to stain with PI, indicating that their membranes were
intact, since membrane-compromised bacterial cells fluoresce
in the red wavelength range.

Entry into stationary phase was probably not caused solely
by carbon starvation since significant amounts of glucose (1.5
and 5.2 g - liter ' glucose for yeast and bacterial growth, re-
spectively) were observed after cells stopped growing. Deple-
tion of another nutrient, cell density, or the presence of toxic
products may probably induce this phase (64). Growth of lactic
acid bacteria is inhibited not only by the production of metab-
olites such as lactic acid but also by limited concentrations of
indispensable nutrients present in the MRS medium (61). It
has been reported that a high level of lactic acid was one of the
most likely explanations for the shortened stationary-phase
persistence in Streptococcus pyogenes batch culture (65).

Using this staining protocol, ghost cells were not detected,
since the presence of nucleic acids in the cells is a prerequisite
for staining.

Turbidity versus FC (as total counts): kinetic assessment.
Some studies have reported that the turbidimetric method is
less sensitive than plate counting (46), and its sensitivity ap-
pears to be correlated with the microbiological culture density,
so it is restricted to conditions under which high cell densities
are reached (10).

No statistical significant differences (P > 0.05) were found
between the results obtained by turbidity and those by FC
analysis for total counts (Fig. 2 and 3). The growth rate mea-
sured for each technique was taken into account. To evaluate
and compare growth rates, biomass total data (g - liter ") cal-
culated by OD and by FC (DRAQS staining) were adjusted to
the Riccatti model (3), given by equation 1:

dC,
dt

r,= =kC(1 —1C,) (1)
where k (h™') and 7 are characteristic parameters of the sys-
tem, and T is the inverse of the cell concentration (C,) in
stationary phase expressed in g - liter'. This empirical logistic
model (equation 1) is frequently used to simulate microbial

growth when the population of cells inhibits their own growth
via depletion of a limiting nutrient, by production accumula-
tion, or for undefined reasons (25). Parameters obtained for S.
cerevisiae and L. hilgardii growth are shown in Table 1. The
specific growth rate, . (h™'), and the yield coefficient, Y, (g
cell - g glucose ™), were calculated as well.

In general, specific growth rates were almost similar for dry
weight and FC measurements, although the growth rates de-
termined by FC were slightly higher. Specific growth rates for
yeast growth were 0.03 and 0.05 h™! using dry weight and FC
measurements, respectively. In the case of malolactic bacteria,
the values of specific growth rate found were 0.12 h™' by dry
weight and 0.15 h™* calculated by DRAQS staining. Obviously,
higher growth rates do not suppose that cells divide more
rapidly but in this case can be explained based on the different
characteristics of each method. Laplace-Builhé et al. (27)
pointed out that significant differences could be obtained in the
count of viable bacteria in the production of lactic starter
cultures according to the enumeration method. As described
above, the maximum cell concentrations were different de-
pending on the technique used to determine total biomass,
reaching higher values from FC analysis (16.8 g - liter ' for
yeast and 1.9 g - liter ! for bacteria). The same considerations
could be taken into account for the evaluation of yield coeffi-
cients. Glucose-to-cell yield coefficients (Y,,) by the FC tech-
nique took higher values than those calculated by dry weight:
0.54 compared to 0.85 g cell - g glucose ~* for yeast and 0.05
relative to 0.12 g cell - g glucose ! for bacterial growth. The
results obtained were expected since the total cell concentra-
tion calculated by FC is greater than biomass values expressed
as dry weight. The estimated values of Y,, agreed with those
generally found for aerobic growth of S. cerevisiae cultures (3,
23, 60) and some species of Lactobacillus in batch cultivation
(29, 43, 44).

Evolution of viable and VBNC cells. Contrary to absorbance
measurements, which do not allow distinguishing between dif-
ferent subpopulations, FC in combination with CV6 and PI
staining was useful to evaluate active and dead cells in only one
staining step. Multiparametric dual-staining protocols have
been applied for bacterium and yeast analysis (see references
28, 30, and 46, among other references).

Differences in cell counts obtained when applying different
techniques were found, as previously referred (2, 7, 8). Note
that the flow cytometric determination resulted in higher cell
numbers than those determined by CFU. It should be high-
lighted that the principle and cell numbers considered by each
technique are different. After acid challenge of Streptococcus
macedonicus (41), a heterogeneity within the bacterial popu-
lation was observed, which was otherwise undetermined by the
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FIG. 4. Schemes proposed for yeast and bacterial growth in semi-
synthetic medium.

averaging effect of bulk measurements or the binary logic im-
posed by traditional culture-based techniques. Different phys-
iological states (showing discordances between CFU and FC
counts) were detected under the stress conditions found in
cider fermentation processes over time (both as pure and
mixed cultures) (20). As shown in Fig. 2 and 3, the comparison
between CFU and FC results showed that viable cell counts
were lower than the metabolically active population through-
out both growth curves. For the yeast growth curve, good
correlations were obtained between viable cell counting and
FC measurements for exponential and stationary phase (R?,
0.98 and 0.89, respectively). Kacmar et al. (23) found a popu-
lation of nonviable cells that still had green fluorescent protein
(Gfp) fluorescence during stationary phase in S. cerevisiae
growing in batch cultures. In that study, the viability of several
recombinant strains, determined by Gfp and PI staining, de-
creased at a different rate according to specific growth rates
during stationary phase. As reported previously (64), station-
ary-phase S. cerevisiae cells are able to survive for prolonged
periods and maintain nearly 100% viability for up 3 months
without additional nutrients when grown in rich medium.
Similarly, the bacterial counts obtained by CV6 staining cor-
related with plate counts for exponential (R?, 0.90) and sta-
tionary phase (R, 0.96). The correlation coefficient, however,
cannot be interpreted directly in terms of accuracy (31). Dif-
ferences between viable, active, and total bacteria were found
not only in stationary phase but also in exponential growth
phase (Fig. 3), as it was reported by Gallant and Palmer (18).
They found that a small fraction (0.5% of the total number of
cells) of an exponentially growing E. coli culture failed to
produce colonies on nutrient agar plates. Ericsson et al. (17)
applied viability assays of stationary phase E. coli cultures at
the time of growth arrest and showed differences between CFU
counts and total counts, since 100% of the original population
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remained intact for extended periods of time despite the loss of
viability. Other studies showed a transient decrease in the
number of colony-forming cells during extended stationary
phase of Micrococcus luteus (24), Rhodococcus rhodochrous,
and Mycobacterium tuberculosis batch cultures (55).

The evolution of VBNC cells for yeasts and bacterial growth
is shown in Fig. 5. This subpopulation was calculated as CV6-
stained cells minus cells capable of growing on agar plates.
Desnues et al. (15) pointed out the interesting question about
how asymmetry in population damage is generated. The pres-
ence of high numbers of yeast and bacterial cells that failed to
grow on plates during exponential phase might be influenced
in this case by the use of microbial cells after preservation
forms as inoculums (a commercial active dried form and a
freezing vial). It is known that preservation treatments affect
cell recovery, and growth on solid medium can fail (42). In
addition, it is was recently described that even in a presumed
totally healthy sample as assessed by classical microbiology,
there are already some cells in an “injured” or even a perme-
abilized state (41).

The stationary phase is a condition that commonly favors
cells to become VBNC (37), so that the kinetics of VBNC
formation is affected by the nutritional state of the population
(32). The transition from exponential growth to the stationary
phase results in numerous changes in cell morphology and
physical and biochemical properties (24). VBNC formation has
been previously reported also for Streptococcus mutans and
Streptococcus pyogenes batch pure cultures (49, 58, 65).

According to Divol and Lonvaud-Funel (16), the lower flu-
orescence intensity can be considered a signal of a lower vital-
ity of the cells, resulting in the general decrease of enzymatic
activity. In our experiments, taking as reference the fluores-
cence intensity obtained for fresh overnight cultures, CV6 flu-
orescence intensity was maintained during overall bacterial
growth (except during death phase), so it can be considered
that bacterial VBNC cells were able to preserve the whole
enzymatic activity. In contrast, a slight decrease in CV6 fluo-
rescence intensity was observed for yeasts during stationary
phase.

There have been many reports which support the proposi-
tion that nonculturable cells are alive (6, 38, 39) as well as
metabolically active (4, 19, 53), although VBNC cells can also
demonstrate very low levels of metabolic activity (40).
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FIG. 5. Experimental data (symbols) and predicted values (solid line) for yeast (A) and bacterial (B) growth and substrate evolution (O) are
shown in the main and secondary y axes, respectively. VBNC (M), viable (), and dead (A) cell subpopulations are expressed in g - liter .
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TABLE 2. Kinetics parameters for S. cerevisiae and L. hilgardii growth and glucose consumption

Cell concn

Specific growth rate (h™!) of cells

Organism Y;mi (g Ce!]‘ g
T (g - liter ™) ™ (g - liter ™) k, ks ks ky ks glucose™ )
S. cerevisiae 0.23 0.11 0.45 6.5%x 1073 1.4 x107* 33%x10°° 0.23 0.76
L. hilgardii 3.60 0.65 0.31 12X 1072 23%x1073 1.9x10* 0.45 0.11

Nowadays, the problem of the presence and resuscitation of
VBNC cells remains unresolved. The real explanation to this
phenomenon as well as the transitional stages between cultur-
able and nonculturable states is poorly understood (13). Some
authors argue that VBNC cells become progressively debili-
tated until cell death, so it is uncertain whether the VBNC
state represents a programmed genetic response of a cell to
overcoming adverse conditions or an end-of-life process (32,
57). However, what it is known is that culture conditions need
to be perfect for any cell to divide and that the environmental
conditions on the surface on a solid agar plate are very differ-
ent to those experienced by a cell when submerged in a liquid
medium in a bioreactor (22). Even, the plating medium itself
may be a factor in the nonculturability associated with the
VBNC state since elevated nutrient might be toxic in some
manner to cells in this state, as well as high surface tension and
oxygen concentration in surface growth (26, 40). At least for
some cells, one aspect of the VBNC state may involve the
natural presence of peroxide in solid medium, coupled with the
inability of cells to detoxify this lethal metabolite (40). There-
fore, it may be possible that while cells do not divide on agar
plates, they may be capable of division in the bioreactor (56).
In E. coli glucose-limited, fed-batch cultures, a recombinant
promegaprotein was produced at high rate, although a drastic
drop in the cell number of CFU - ml~! was observed, while
viability (measured as the absence of PI staining) and dry cell
weight continued to increase (56).

Kinetic equations based on different physiological states
and glucose consumption: a segregated model. The total bio-
mass was considered as formed by viable (C,), viable but
nonculturable (Cy), and dead cells (C,) expressed as the cell
concentration (g - liter ). In order to develop a kinetic model,
some considerations must be taken into account. In this study,
the term “viable” refers to the cell subpopulation showing the
ability to grow on plates, and both viable and nonculturable
fractions lose their integrity, which results in cell death. In view
of the results obtained and assuming that VBNC cells are not
able to resuscitate, at least in this context and under the as-
sayed conditions, three possible schemes were proposed (Fig.
4), and the reaction rates were defined as the following:

rn=kCy1—-1C)) (2)
r,=k,Cy 3)
r; =kiCy 4)
ry=k,Cy (%)
rs = ksCy(1 — 7"Cy) (6)

Cell growth rates (r; and r5) are described by the Riccatti
equation (equation 1), where 7" and 7" are the inverses of
viable and VBNC cell concentrations, respectively, in station-

ary phase. Cell death rates (r; and r,) respond to a first-order
kinetic equation. r, is the rate of formation of VBNC cells as a
consequence of viable cell dynamics during growth and the
entrance into stationary phase. First, r, was considered as pro-
portional to C}, (equation 3), but experimental data did not fit
in a suitable way. The next alternative considered r, as a sec-
ond-order reaction depending on Cy. In two models proposed,
rs was equal to 0, that is, the VBNC subpopulation curve
observed was only due to the entrance of viable cells into
nonculturable state. Thus, there should exist some unknown
factor or cell mechanism arresting the transformation into the
nonculturable state at stationary phase. Finally, the last alter-
native proposed considered the growth of a VBNC fraction in
liquid medium (equation 6) and, in addition, a first-order
transformation into VBNC cells (equation 3). The growth ki-
netic model formed by equations 2, 3, 4, 5, and 6 was fitted to
experimental data from cell counting. Figure 5 shows experi-
mental data and predicted values for yeast and bacterial
growth curves.

Experimental data for glucose consumption were adjusted to
the maintenance energy model (48). Maintenance energy is the
energy required for survival or for preservation of cell viability,
which is not directly related to or coupled with the synthesis of
a new cell (3). Glucose is used for both cell growth and main-
tenance; thus, the glucose uptake rate can be expressed as:

dCg 1 dcC,
= m,C, 7

dt T Y, dt

where Cg is the glucose concentration (g - liter ') and C, is
the cell concentration (g - liter ') calculated as the sum of
viable and nonculturable subpopulations predicted by the
growth model. Y, is the global yield coefficient (g cell - g glu-
cose '), and m, is the maintenance coefficient (g glucose - g~ *
cell - h™1). The term of cell maintenance was considered neg-
ligible since glucose consumption was not significant during
stationary phase. Thus, equation 7 is simplified to

dC; 1 dC,
dr T Y. di ®)

The values of the different kinetic parameters calculated for
yeast and bacterial growth are given in Table 2. The model
considering the growth of both viable and VBNC subpopula-
tions provided a proper description of yeast and bacterial pop-
ulations, as well as carbon source uptake, although it was not
able to predict the loss of viability and activity during the death
phase of bacteria. k, values obtained from fitting showed that
the transition from the viable to the nonculturable state was
very slow, although it was more rapid than cell death in both
cases (k, > k5 and k,). The fitting of glucose uptake experi-
mental data, considering only the active population, gave bet-
ter correlations (R?, 0.87 and 0.99 for yeast and bacteria, re-
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spectively) than those based on glucose consumption by viable
cells.

Conclusions. FC monitoring of S. cerevisiae and L. hilgardii
pure cultures allowed a rapid and accurate quantification of
total biomass (determined by DRAQS staining) in real time.
The use of dual-staining FC analysis (using a CV6-IP two-color
assay) allowed us to distinguish between different physiological
states (metabolically active, membrane-damaged, and dead
cells) throughout microorganism growth curves over time,
which were not shown by other, traditional methods.

Data obtained by FC analysis in combination with plate
counting have been proven useful to develop a kinetic model
considering different physiological states in the microbial pop-
ulation. The segregated model proposed describes the het-
erogeneity in the physiological states observed, including the
VBNC fraction and dead cells, explaining more properly the
cell dynamics in the bioreactor and opening the way to study
the interactions between different states. Kinetic constants can
be maintained under more variable conditions, and the fitting
of glucose uptake data by metabolically active cells gave better
correlations than those based only on viable cells.

The FC technique provides valuable information especially
relating to the different metabolic activities or physiological
states of individual cells when designing a bioprocess or inves-
tigating the effect of different strategies to increase the overall
process efficiency.
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