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Background: In solvent-producing Clostridium species, several physiological conditions and
morphological forms can be observed during batch ABE fermentation. Currently, the contribution made
by each condition or form to the production of acids and solvents is not clear. Flow cytometry and fluo-
rescence microscopy have been used to analyze the presence of different morphological and physiological
conditions for Clostridium species; however, there are few studies to quantify their contribution to fer-
mentation kinetics.
Results: Morphological changes of the batch cultures of Clostridium beijerinckii NCIMB-8052 were fol-
lowed by flow cytometry and epifluorescence microscopy. Three cell types were identified, and the per-
centage of each one was estimated along the culture, showing that they are present throughout the
culture and its population distribution was in agreement with the kinetics of growth and acids and sol-
vents production. Yields for the global population and for each subpopulation were estimated. The values
of the yield for butanol and acetone based on the fraction of solventogenic cells were 2.5 times the values
of the parameters obtained for the whole biomass, while those for acetic and butyric acids based on the
acidogenic cell type was 1.5 times.
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Conclusions: Quantitative analysis of the subpopulations by flow cytometry allows the calculation of the
yields related to specific cell types, isolating the contribution of each subpopulation to the production of
acids and solvents.
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1. Introduction

Because of the growing concern about the depletion of fossil
fuels and the environmental problems associated with their use,
in recent years, attention has been paid to the development of
technologies that allow obtaining renewable energies such as bio-
fuels. Butanol is a biofuel that has numerous advantages over
others, including its high energy content, less corrosive nature,
lower freezing point, high octane rating, high hydrophobicity,
and the fact that it can be used in a mixture with gasoline. Despite
these advantages, currently obtaining butanol through fermenta-
tion using bacteria of the genus Clostridium has been hampered
mainly by the costs associated with the substrate and the recovery
of the final product [1,2,3,4].

Butanol is naturally produced by several strains of the genus
Clostridium. In the metabolism of Clostridium beijerinckii and other
solvent-producing bacteria, two metabolic phases are described:
an acidogenic phase associated with a replicative state, where
organic acids, hydrogen, and CO2 are the main products, and a sol-
ventogenic phase associated with a non-replicative state, in which
acetone, butanol, and ethanol are produced from the organic acids
in a process known as ABE fermentation because these compounds
are the main products [5,6]. In a batch culture, the acidogenic
phase occurs during the initial part of the exponential growth,
while the solventogenic phase occurs by the end of the exponential
growth and stationary phase.

It has been shown that the transition from the acidogenic
phase to the solventogenic phase is the result of a shift in gene
expression triggered by a decrease of the pH in the medium due
to the accumulation of the acids produced, causing the joint
metabolization of the main carbon source and accumulated
organic acids to produce solvents [7]; both acids and solvents
influence the physiological state of the cells, and it is thought
that acids contribute to the initiation of sporulation [8].
Although the sequence of these phases have been described for
Clostridium acetobutylicum [9], they are not clearly identifiable
for Clostridium beijerinckii [10]. In addition, the relationship
between signal pathways of solventogenesis and sporulation is
not yet fully clear [8,11,12]. Despite numerous studies, it has
been shown that although there is a similarity in the metabolic
pathways and in the cell cycle, gene regulation and expression
varies from one solventogenic strain to another [13].

In solvent-producing Clostridium species, up to five morpholog-
ical forms could be observed by contrast-phase microscopy during
batch ABE fermentation: motile rod-shaped cells, swollen non-
motile cells, forespore, endospore, and free spores. A relationship
between the morphological forms and the production of solvents
has been proposed [14,15]. In this regard, flow cytometry together
with fluorescent markers and direct microscope observation have
been successfully used to characterize the role of different mor-
phological forms found in ABE fermentation.

The first study showing a detailed characterization of the
morphological forms of C. acetobutylicum in batch cultures was
conducted by Jones et al. in 2008 [11] by means of transcrip-
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tional analysis and fluorescence microscopy by a double staining
method using Syto-9 and propidium iodide (PI). These stains are
usually used to distinguish between viable and non-viable cells.
However, it was found that in C. acetobutylicum, they did not
describe properly the viability of the cells, and instead, they
could be used as an identification methodology for morphologi-
cal subtypes. Using these fluorescent dyes, it was possible to
describe several physiological conditions of C. acetobutylicum:
vegetative cells colored red indicating a higher uptake of PI than
Syto-9, an intermediate condition (named clostridial) that stains
almost equally with both dyes generating an orange color, and
sporulated forms (forespores, endospores and free spores) col-
ored mostly green indicating a higher uptake of Syto-9 than PI
[16].

Several attempts have been made to identify cell types in
Clostridium culture. In 2014, Patakova et al. [17] using PI, car-
boxyfluorescein diacetate (CDFA) and bis-(1,3-dibutylbarbituric
acid) trimethineoxonol (BOX) together with flow cytometry,
identified four cell types in batch cultures of C. beijerinckii
CCM6218 and C. tetanomaphum DSM 4473. In 2015, González-
Peñas et al. [18] identified four physiological states in a batch
culture of C. acetobutylicum ATCC824 by using light diffraction
analysis (LS) and PI staining. In 2016 Kolek et al. [8] using flow
cytometry and combinations of PI/CFDA, PI/Syto9 and BOX deter-
mined the variation in the viability and the appearance of spores
in batch cultures of C. beijerinckii NCIMB-8052 and C. pasteuri-
anum NRRL-B-598. In 2018, Branska et al. [19] identified four
cell types in batch cultures of C. beijerinckii NRRL-B-598 by
means of flow cytometry and PI/CFDA stains. More recently, Kar-
stens et al. [20] developed a mathematical model to predict the
distribution of the physiological states in a cascade of reactors
operating in continuous mode, using for this purpose the con-
centrations of different metabolic products.

The above-mentioned studies provide valuable qualitative
information; however, for quantitative characterization, a method-
ology allowing the direct isolation and quantification of each sub-
population needs to be established. Flow cytometry distinguishes
the subpopulations on the basis of size and complexity, allowing
to establish the relative amount of each one of them. Ideally, each
subpopulation should be identified separately, but this is not an
easy task to perform in the case of a Clostridium culture. In this
regard, the use of continuous culture operated at a dilution rate
close to its critical value would allow to isolate at least a popula-
tion of vegetative cells in an acidogenic state, because in that con-
dition, the other cell types would not have the replicative capacity
and they would be washed out from the culture [9,21]. Combining
flow cytometry with staining and microscopy techniques allows a
more detailed description and analysis of the culture and easier
identification of the contribution of each cell type in the produc-
tion of acids or solvents, resulting in a deeper understanding of
the kinetics of ABE fermentation. This work aims to identify and
characterize the cell types in a batch culture of Clostridium bei-
jerinkii NCMB-8052 by means of flow cytometry and to relate the
identified phenotypes to the kinetic behavior of the cell population
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for determining the contribution of each cell type to the production
of organic acids and solvents.
2. Materials and methods

2.1. Microorganism and culture medium

Clostridium beijerinckii NCIMB-8052 obtained from the Ameri-
can Type Culture Collection (ATCC) was used in all the experi-
ments. The microorganism was maintained under anaerobic
conditions as a spore suspension at 4�C in a P2 culture medium,
which is traditionally used for bacteria of the genus Clostidium
[22] and has the following composition: glucose (60 g�L�1), ammo-
nium acetate (2.2 g�L�1), buffer phosphate (KH2PO4 0.5 g�L�1,
K2HPO4 0.5 g�L�1), mineral salts (MgSO4�7H2O 0.2 g�L�1, MnSO4�H2-
O 0.01 g�L�1, FeSO4�7H2O 0.01 g�L�1, NaCl 0.01 g�L�1), vitamins
(aminobenzoic acid 1 mg�L�1, thiamin 1 mg�L�1, biotin
0.01 mg�L�1), and L-cysteine hydrochloride (0.5 g�L�1). Spores as
inoculum were obtained through heat shock of a suspension of
freshly propagated cells in a water bath at 80�C for 10 min. All cul-
tures were performed in a 500 mL flask sealed with butyl septa and
aluminium crimps; nitrogen was sparged to displace oxygen
before autoclaving them at 121�C. The vitamins were filter-
sterilized through a 0.22 lm PVDF sterile membrane and added
just before inoculation.
2.2. Batch culture of Clostridium beijerinckii NCIMB-8052

The kinetic characterization studies of Clostridium beijerinckii
NCIMB-8052 and ABE production were performed in batch cul-
tures in a 2.5 L laboratory-scale bioreactor (Ez-Control, Applikon
Biotechnology, Delft, The Netherlands), using a working volume
of 1.6 L. All cultures were performed in duplicate. Ammonium acet-
ate was replaced by ammonium sulfate (3.3 g�L�1) in the culture
medium to avoid the use of acetate as a carbon source. The culture
medium was sparged with nitrogen before autoclaving at 121�C to
eliminate oxygen. The vitamins solution was sterilized by filtering
through a 0.22 lm PVDF sterile microporous membrane and added
just before inoculation. To initiate each batch culture, the bioreac-
tor was inoculated with 10% v/v (160 mL) of an active culture at
exponential growth with a cell concentration of 1.5 g�L�1. During
the experiment, the pH was maintained at 6.0 using NaOH 3 N
and H2SO4 2 N and the temperature and agitation were maintained
at 37�C and 200 rpm, respectively. To ensure anaerobic conditions,
sterile nitrogen was bubbled during the startup.
2.3. Sample treatment

Batch cultures were monitored for 90 h, samples of 5 mL of cul-
ture broth were taken every 4 h; 1 mL of each sample was analyzed
in a spectrophotometer at 600 nm (6705 UV–Vis, Jenway, Bibby
Scientific, Staffordshire, UK), and the resulting absorbance was cor-
related with the dry weight of cells to determine the cell concen-
tration; and 3 mL were centrifuged at 9000 g for 5 min (Prism
C2500 centrifuge, Labnet International, Edison, NJ, USA), and the
supernatant was filtered using syringe filters with 0.22 lm PDVF
membrane to determine the concentration of glucose, organic
acids, and solvents by chromatography. The remaining 1 mL was
centrifuged at 9000 g for 5 min; the pellet was washed twice and
then preserved in a sterile solution of 1% NaCl for flow cytometry
and staining analysis.
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2.4. Determination of the culture parameters

The maximum specific growth rate (lm) for the total population
was determined using a modified logistic equation (Equation (1)),
which has been reported to describe successfully the growth
kinetics of Clostridium species [23]. Experimental data were fitted
using the least squares method.

x ¼ x0Â � xmaxÂ�e
ðlmÂ�tÞ

xmax � xto þ xt0 Â � eðlmÂ�tÞ ð1Þ

The glucose to total biomass yield (Yx=s); the specific yield of
products (YP=x) for acetone, butanol, ethanol, acetic acid, and buty-
ric acid; the specific yield of solvents (acetone, butanol, and etha-
nol) for the solventogenic subpopulation (YPsol=xsol ); and the
specific yield of acids (acetic and butyric acid) for the acidogenic
subpopulation (YPac=xac ) were determined using the following
expressions:

Yx=s ¼ xmax � xt0
Gt0 � Gtf

ð2Þ

YP=x ¼
pmax � pt0

xpmax
� xt0

ð3Þ

YPsol=xsol ¼
psolmax � psolt0

xsol � xsolt0
ð4Þ

YPac=xac ¼
pacmax � pact0

xac � xact0
ð5Þ

All these yields were calculated from the experimental data
using the values obtained at the cultivation time at which the high-
est concentration of the product was reached, in agreement with
the criterion proposed by Branska et al. for Clostridium beijerinckii
NCIMB-8052 [19].

Table 1 shows the list of variables used as well as their defini-
tions and units.

2.5. Continuous culture of Clostridium beijerinckii NCIMB-8052

In previous cultures (data not shown), a maximum specific
growth rate of 0.23 h�1 was obtained in batch cultures. In order
to avoid culture washout, 90% of the maximum growth rate was
selected as the dilution rate in continuous culture (D = 0.2 h�1).
The bioreactor was filled with sterile medium with a working vol-
ume of 1.6 L, the pH was manintained at 6.0, the temperature was
maintained at 37�C, and the agitation was maintained at 200 rpm;
these growth conditions have been previously reported for
Clostridiums species [5,24].

The bioreactor was fed from a 20 L autoclavable bottle (Nalgene,
USA) containing sterile medium. The anaerobic condition was
maintained by bubbling nitrogen into the broth through a mem-
brane filter (0.22 mm). To avoid gas exchange, Tygon (Masterflex,
USA) was used in all tubing and connections, a material that was
selected for its low oxygen permeability. Feed was controlled by
a level sensor within the bioreactor, while the discharge was made
by using an external peristaltic pump (Masterflex EasyPump, USA)
that took culture broth from the bottom of the bioreactor. The cul-
ture was monitored through measuring biomass, glucose, organic
acids, and solvent concentrations until a steady state was reached;
at that point, samples of biomass were collected for microscopy
and flow cytometry analysis.

Since the steady state was obtained at a dilution rate close to
the critical, only the cells with replication capacity remained in
the culture, thus isolating a predominantly acidogenic population.



Table 1
Variables used for the determination of the culture parameters as well as their
definition and units.

Variable Definition Units

xmax Highest achieved concentration of total biomass g�L�1

xt0 Initial concentration of total biomass g�L�1

lm Maximum specific growth rate h�1

t Cultivation time h
Yx=s Glucose to total biomass yield g�g�1

Gt0 Initial concentration of glucose g�L�1

Gtf Concentration of glucose when the maximum biomass
was reached

g�L�1

YP=x Specific product yield for total biomass g�g�1

pmax Highest achieved concentration of products g�L�1

pt0 Initial concentration of products g�L�1

xpmax
Concentration of total biomass when the maximum
products were obtained

g�L�1

YPsol=xsol Specific solvent yield of solventogenic population g�g�1

psolmax Highest achieved concentration of solventogenic
products

g�L�1

psolt0 Initial concentration of solventogenic products g�L�1

xsol Concentration of solventogenic biomass when the
maximum solventogenic products were obtained

g�L��1

xsolt0 Initial concentration of solventogenic biomass g�L�1

YPac=xac Specific solvent yield of acidogenic population g�g�1

pacmax Highest achieved concentration of acidogenic products g�L�1

pacet0 Initial concentration of acidogenic products g�L�1

xac Concentration of acidogenic biomass when the maximum
acidogenic products were obtained

g�L�1

xacet0 Initial concentration of acidogenic biomass g�L�1
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By applying a light scattering (LS) flow cytometry analysis, it is
possible to characterize this isolated population in terms of size
(FS: forward scatter) and complexity (SS: side scatter), further cor-
relating their metabolic state with the products generated and
finally verifying the results by qualitative inspection using staining
and microscopy. This information applied later to a batch culture
would allow to isolate the contribution of a vegetative population
to the generation of products and then identify the other popula-
tions present in the culture and their location in the flow cytome-
try graphs in terms of SS and FS.
2.6. Cell staining for microscopy and flow cytometry analysis

The staining protocol was adapted from method reported by
Tracy et al. [16]. Cells preserved in sterile solution of 1% NaCl were
diluted until an OD of 0.5 ± 0.1 (measured at 600 nm, path length
1 cm) was reached; after this, 100 mL of this cell suspension were
mixed with 1 mL of Syto9 (1.67 mM) and 1 mL of PI (10 mM)
(Sigma-Aldrich, St. Louis, Missouri, USA) and then incubated in
the dark for 15 min at room temperature. With these samples, a
visual verification was carried out in an epifluorescence micro-
scope equipped with a mercury lamp (Eclipse 50i, Nikon Instru-
ments Inc, Amsterdam, Netherlands). For flow cytometric
analyses, 10 mL of the cell suspension was diluted in 990 mL of 1%
sterile saline solution. The data acquisition was carried out using
the MXP software of the same equipment (Cytomics FC 500, Beck-
man Coulter Inc, CA United States). For each sample, 35,000 events
were captured, which correspond to cells that pass individually
through the hydrodynamic focus point. The populations were dif-
ferentiated through light scattering analysis, which were corre-
lated with the observations of the microscopy analysis of the
culture. The percentage of cells at each gate during the evolution
of the fermentation was calculated from the areas defined in the
flow cytometry analysis and the number of events were recorded
in each of the defined gates. With this information, the concentra-
tions and proportions of acidogenic, solventogenic, and sporulated
cell types over time were estimated.
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2.7. Analytical determinations

Concentrations of organic acids and glucose were determined
by HPLC (Agilent 1260 infinity, Agilent Technologies, Waldbronn,
Germany) using an Aminex HPX-87H column (Bio-Rad, USA) and
an IR-UV detector. The injection volume was 20 lL, and the mobile
phase was a 5 mM H2SO4 solution at a flow rate of 0.7 mL�min�1.
The column and IR detector temperature was 55�C, and the UV
detection wavelength was 210 nm. Concentrations of ABE products
were determined by gas chromatography (Clarus 500, Perkin
Elmer, Massachusetts, USA) using an Equity-1 column (Supelco,
Bellefonte, PA, USA). The injection volume was 0.5 lL, and the car-
rier gas (helium) flow rate was 6.5 mL�min�1. Methanol was used
as the internal standard. The temperature of the oven, injector,
and FID detector was 200�C.
3. Results and discussion

3.1. Isolation of a vegetative cell population in a continuous culture of
Clostridium beijerinckii NCIMB-8052

The continuous operation mode was started after 14 h of a
batch culture, when the culture was in the exponential growth
phase and the cell concentration was 2.98 g�L�1. The biomass and
glucose concentrations oscillated for almost 60 h before reaching
a steady state and then stabilized for 45 h, which corresponds to
9 residence times. During the steady state, cell and glucose concen-
trations were kept at an average value of 1.56 ± 0.09 and 24.72 ± 0.
40 g�L�1, respectively (Fig. 1A). Fig. 1B shows the concentrations of
acetic and butyric acids and its variations during the operation;
their average values at the steady state were 1.01 ± 0.03 g�L�1 for
acetic acid and 1.71 ± 0.06 g�L�1 for butyric acid. During steady
state, butanol, ethanol, and acetone were not detected.

In the genus Clostridium, during continuous culture, cells con-
tinue to undergo changes between acidogenesis and solventogen-
esis, the cell population is composed of a mixture of actively
dividing cells (acidogenic), non-dividing cells (solventogenic),
sporulated cells, and dead cells, generating oscillations that pre-
vents the achievement of a true steady state. Clarke et al. [25]
and Ezeji et al. [26] reported this oscillatory behavior of a continu-
ous culture of C. beijerinckii BA101 at a dilution rate of 0.03 h�1.
Similarly, Gallazzi et al. [27], during the continuous culture of C.
pasteurianum DSM 525 for butanol production, did not achieve a
steady state due to the oscillatory behavior working at various
low dilution rates (0.07 h�1, 0.05 h�1, and 0.01 h�1). However, it
has been reported that in a continuous culture of C. acetobutylicum
ATCC 824 run at a high dilution rate, the fermentation produced
mainly acids and a true steady state was reached [28]. At high dilu-
tion rates, such as those used in this work, the culture is dominated
by replicative cells in the acidogenic phase, with acetic and butyric
acids being the main products.

After reaching steady state, the cell samples were analyzed by
flow cytometry with regard to their of size (FS) and complexity
(SS). Fig. 2 shows the flow cytometry graphs obtained at three dif-
ferent moments of the steady state of the continuous culture. In
these graphs, a compact and clearly defined cloud of events is
observed, which correlates with cells of similar morphological
characteristics. Similarly, fluorescence microscopy inspection
showed that these cells were predominantly stained with PI, corre-
sponding to the cells in an acidogenic vegetative state, as reported
previously for Clostridium strains [11,16]. Also, according to the
products distribution throughout the culture (Fig. 1B), the cell pop-
ulation only produced acetic and butyric acids, confirming the pre-
dominance of acidogenic vegetative cells at the steady state.



Fig. 1. Continuous culture of Clostridium beijerinckii NCIMB-8052, at dilution rate 0.2 h�1, pH 6.0, temperature 37�C, and agitation 200 rpm. (A) Variations in the cell and
glucose concentrations. (B) Variations in the organic acid concentrations. The dotted line shows the time from which the steady state is considered.
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3.2. Quantification of phenotypes in a batch culture of Clostridium
beijerinckii NCIMB-8052

The location in the cytograms of vegetative cells in terms of FS
and SS obtained from the continuous culture allowed to establish a
gate for this type of cells in the flow cytometry analysis. Therefore,
every cell with values of FS and SS within that gate can be consid-
ered as vegetative. It was further applied to the flow cytometry
analysis of samples taken from a batch culture at different times
to determine the variation of the vegetative population over time
in the batch operation. Fig. 3 shows the cytograms and microscopy
fluorescence images during the batch culture.

At 16 h (Fig. 3A), the individual cells exhibited a regularity of
size, shape, and thickness, and the cells are mainly stained with
red, which corresponds to the entry of PI. A compact and clearly
defined cloud is observed in cytometry graphs, corresponding to
cells with similar morphological characteristics; this distribution
is in accordance with the identification criterion obtained in con-
tinuous culture. Therefore, the event cloud is located inside the
limits of the defined gate, confirming a population in a vegetative
state.

At 20 h (Fig. 3B), the cells stained with Syto9 were observed,
probably due to a change in the cell membrane permeability allow-
ing the entry of the dye, which may be associated with a change in
the physiological state [29,30]. The modifications of the membrane
permeability are a consequence of the changes in the environmen-
tal conditions (presence of solvents and other metabolites) [7]. At
this time, clostridial cells with granular accumulation began to
appear, exhibiting a characteristic swollen and cigar-shaped mor-
phology. Under fluorescence microscopy, they were stained with
both dyes, acquiring an orange color. This clostridial form is gener-
ally assumed to be the solvent-producing Clostridium cells [9].
Studies carried out with C. pasteurianum have reported that there
are changes in the composition of membrane lipids (difference in
the proportion of saturated to unsaturated fatty acids) due to the
stress caused by the presence of butanol [31]. Also, flow cytometry
analysis showed slight displacement of the event cloud in terms of
size and complexity toward the upper right quadrant, which may
be related to the appearance of clostridial forms. At the same time,
the number of events at the gate that defines the vegetative cells
decreased, which could be due to the transformation of vegetative
cells into clostridial cells.

At 28 h (Fig. 3C), the response to Syto9 increased and another
dense cloud of events was observed in the flow cytometric analy-
sis, its location accounting for a population of smaller homoge-
16
neous forms. These smaller forms were associated with the
presence of sporulating cells, which were observed by light micro-
scopy (Fig. 3C). From this cloud of events, a second gate was
defined, which allowed the quantification of sporulating forms. In
addition, another gate that encompasses the intermediate region
was defined considering physiological conditions between the veg-
etative cells and spores (mainly solventogenic clostridial forms). In
this way, by applying a light scattering flow cytometry analysis, it
was possible to characterize the three populations in terms of size
(FS) and complexity (SS) without the use of fluorescent markers or
additional techniques. The cell types identified are: solventogenic
cells (gate 2), spores (gate 3), and acidogenic cells (gate 4). Tracy
et al. [16] and Jones et al. [11] achieved a more detailed differenti-
ation of cell types using a similar analytical technique supported
by a transcriptional analysis and a sorting procedure in a flow
cytometry protocol. For the purpose and aims of this work, dis-
crimination in three cell types was enough, since these were
related to the production of acids (acidogenic cells), solvents (sol-
ventogenic cells), and the final state of spores. The additional cell
types reported in the mentioned studies correspond to early and
late acidogenic cells and solventogenic cells in their clostridial,
forespore, and endospore states.

At 44 h (Fig. 3D), the cells were predominantly stained green
due to the action of Syto9 and orange due to the combined action
of both dyes. The flow cytometry analysis showed a displacement
of the event cloud from the acidogenic gate to the solventogenic
gate, and at the same time increased the sporulating cells. This
trend continued, and according to the defined gates, it indicates a
change of phase from acidogenic to solventogenic, as be seen at
56 h (Fig. 3E). Only toward the end of the culture (Fig. 3F) could
a loss of the staining intensity be observed, probably due to the
damage of the membrane caused by the accumulation of butanol
and butyric acid.
3.3. Kinetic characterization of a batch culture of Clostridium
beijerinckii NCIMB-8052

Fig. 4 shows the concentrations and proportions of acidogenic,
solventogenic, and sporulated cell types over time. The percent-
ages of cells of each cell type were calculated from the areas
defined in the flow cytometry analysis and the number of events
were recorded in each of the defined gates.

Fig. 5 shows the variation in the concentration of biomass, glu-
cose, acids, and solvents in a batch culture of Clostridium beijerinckii
NCIMB-8052. After an initial phase of approximately 16 h, the con-



Fig. 2. Characterization of a vegetative population by flow cytometry and epifluorescence microscopy at different times of a continuous culture of Clostridium beijerinckii
NCIMB-8052 running at steady state.
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centration of biomass increased until reaching a maximum con-
centration of 5.5 g�L�1 at 32 h of cultivation (Fig. 5A). At that time,
47.3% of the initial glucose concentration had been consumed, with
a Yx=s of 0.21 g�g�1, while the butanol concentration was 5.9 g�L�1,
60% of the total produced (Fig. 5B). The exponential growth phase
lasted 24 h with a maximum specific growth rate of 0.23 h�1 and a
correlation coefficient (r2) of 0.989 with respect to the logistic
model used [23]. Toward the end of the culture (after 60 h), a
decrease in cell concentration was observed, which may be due
to an increase in the sporulating cells and a decrease in the cell via-
bility. This was confirmed by microscopy; loss of intensity of fluo-
rochromes labeling was observed, which is an evidence of cell
membrane damage.
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Butyric acid showed a first production peak at 24 h, reaching
a concentration of 1 g�L�1, then it decreased due to its re-
assimilation, and after 40 h increased again until reaching 2 g�L�1

(Fig. 5B). Production of organic acids continued as expected since
acidogenic cells populations never dropped below 40% (Fig. 4).
The acetic acid concentration increased until 1.5 g�L�1 at the
end of the exponential phase (30 h); its production continued
at a lower rate, up to a concentration of 1.9 g�L�1 (Fig. 5B).
The final butanol concentration reached 9.7 g�L�1 (Fig. 5B).
Therefore, in Fig. 5, three zones can be identified in the culture:
a predominantly acidogenic zone that extends from the begin-
ning of the culture until approximately 24 h (at this point, the
accumulation of acids would trigger the onset of solventogene-
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Fig. 4. Subpopulation distribution of the phenotypic states present in a batch culture of Clostridium beijerinckii NCIMB-8052. (A) Cell-type concentration time evolution. (B)
Cell-type percentage time evolution.

Fig. 5. Batch culture of Clostridium beijerinckii NCIMB-8052 at pH 6.0, temperature 37�C, and agitation of 200 rpm. (A) Cell growth and glucose concentration time evolution.
(B) Organic acid and solvent concentration time evolution.
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sis); a predominantly solventogenic zone that extends from 24
to 68 h; and finally, a third zone of biomass viability loss where
the cell concentration decreased due to sporulation and cell lysis
after reaching the highest concentrations of organic acids and
solvents.

Considering the variations in the acidogenic, solventogenic, and
sporulating populations obtained through flow cytometry analysis
(Fig. 4), it is possible to analyze the behavior for each cell type: at
the beginning of the batch culture, at 16 h, the population distribu-
tion was 85% acidogenic, 13% solventogenic, and 2% spores. The
concentration of acidogenic cells increased to 3.67 g�L�1 at 32 h,
which accounts for 67.4% of the population, then decreased to a
concentration of 1.43 g�L�1, which corresponds to 42.1% of the pop-
ulation. On the other hand, the solventogenic cells increased con-
stantly until 56 h, reaching a concentration of 2 g�L�1, which
accounts for 40.3% of the population. A gradual increase in the
spore population could be observed until 52 h, then it remained
around 18% of the total population.

Most of the butanol production occurred between 32 and 56 h
(23% of the population were solventogenic cells), registering a
slowdown in its production starting from the 45 h (34% of the pop-
Fig. 3. Characterization of the physiological states by flow cytometry and epifluorescenc
8052: gate 4 for acidogenic cells, gate 3 for spores, and gate 2 for solventogenic cells.
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ulation were solventogenic cells). Since most of the butanol is gen-
erated from the beginning of the deceleration of the cell growth
rate, it could be considered that clostridial cells would be respon-
sible for the production of butanol. The coexistence of populations
is in agreement with the reported by Zhang et al. [32], who
observed that biomass growth in Clostridium beijerinckii batch cul-
tures continued during solvents production.

The concentration of butyric acid increased during the expo-
nential growth phase to later decrease as a result of the re-
assimilation due to the production of butanol. Later, around 40 h,
it began to increase again, which coincided with the slowdown
of butanol production. The high concentration of butanol added
to that of butyric acid in the media could affect the metabolic activ-
ity of the cells in the acidogenic state (which never dropped below
40% of the population), preventing or hindering the cells’ transition
to the solventogenic state [33]. The activation of solventogenesis
and sporulation as a response mechanism for cell survival can be
mainly attributed to the butyric acid concentration, close to 1 g�L�1

and a pH between 4.5 and 4.8, but there are no reports on any pro-
tection mechanism against the high concentrations of butanol. Cell
damage observed at the end of the culture may be a consequence
e microscopy at different times of a batch culture of Clostridium beijerinckii NCIMB-



Table 2
Yields of acids and solvents in a batch culture of Clostridium beijerinckii NCIMB-8052 for total, acidogenic, and solventogenic cells.

Global population Acidogenic subpopulation Solventogenic subpopulation

Concentration [g�L–1] YP=S[g�g 1] YP=X [g�g 1] YPac=xac [g�g�1] YPsol=xsol [g�g�1]

Butanol 9.39 ± 0.16 0.18 2.22 4.74
Acetone 2.28 ± 0.064 0.04 0.54 1.15
Ethanol 0.26 ± 0.041 0.005 0.06 0.13
Acetic acid 1.88 ± 0.042 0.005 0.41 0.02
Butyric acid 1.77 ± 0.042 0.005 0.42 0.96
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of the synergistic action of butanol and butyric acid, which finally
caused the lysis of a number of cells [33,34].

Toward the end of the batch culture, a decrease in cell concen-
tration was observed. When contrasted with fluorescence micro-
scopy images, membrane damage and cell lysis were observed in
part of the population, together with a change in the intensity of
the marking with fluorochromes in the cells. This damage may
be the result of the joint effect caused by the high concentration
of butyric acid and butanol, as it is known that the presence of car-
boxylic acids increases the toxic effect of butanol [30], causing
damage at the metabolic and membrane levels [33,35]. Unlike
what happens with acids, the clostridial cell do not have a response
mechanism against a high concentration of solvents. In these batch
cultures, the concentrations were over 9.5 g�L�1 and 1.5 g�L�1 for
butanol and butyric acid, respectively, which may be the cause of
cellular damage. While the butanol concentration tolerance range
has been widely reported in Clostridium species, the exact mecha-
nism of tolerance and its relationship to metabolism has not been
fully understood [33].

Kinetic parameters were calculated for total biomass, as well as,
for the acidogenic and solventogenic subpopulations, YP=x was
determined independently for the acidogenic ðYPac=xac Þ and solven-
togenic subpopulationsðYPsol=xsol Þ in terms of organic acids or sol-
vents, respectively. The coherence of the values obtained can be
verified by comparing the YP=x calculated from continuous culture
using vegetative cells growing at a dilution rate of 0.2 h�1 (in the
steady state equal to l) and those calculated for the acidogenic
population in full phase of exponential growth, being 1.09 and
0.97 g�g�1 for butyric acid and 0.65 and 0.61 g�g�1 for acetic acid,
respectively. Table 2 summarizes the results obtained in batch
culture.

As shown in Table 2, the yield values by subpopulation are sig-
nificantly different with respect to those obtained when consider-
ing the population as a whole. The values of theYPsol=xsol for the
solventogenic cell type are 2.5 times the values of YP=x obtained
considering all the biomass. Also, the estimated values for acetic
and butyric acids for the acidogenic cells type are 1.5 times their
values when considering all the biomass. Literature reports regard-
ing ABE fermentation are usually globally estimated, i.e.: consider-
ing the total biomass; however, as shown in this work, it is possible
to estimate the parameters for each population group, allowing the
determination of each group’s contribution to the global perfor-
mance of the fermentation.
4. Conclusions

The morphological and physiological changes of Clostridium bei-
jerinckii NCIMB-8052 observed in a batch culture were not syn-
chronized during the fermentation. A heterogeneous distribution
of cellular types could be found through the culture. The quantifi-
cation of the distribution of these phenotypic states by means of
the data obtained from the flow cytometry allowed the calculation
of the yields considering the different cell types coexisting in the
culture, isolating the contribution of each one to the production
20
of acids and solvents. The values of theYPsol=xsol , which consider just
the fraction of solventogenic cells were 2.5 times the YP=x of the
culture, which consider all the biomass. Also, the values estimated
for acetic and butyric acids by the acidogenic cells type were 1.5
times the values when considering all the biomass. Yields esti-
mated for a specific subpopulation allows the quantification of
the effects of changes in growing conditions that might otherwise
be masked by using the total population. In this way, it would be
possible to observe the effect of changes in culture conditions or
culture medium formulation directly on each subpopulation,
which would help make better decisions in order to design an
improved culture strategy and to obtain deeper knowledge regard-
ing ABE fermentation.
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