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Abstract: Mixed microorganism cultures are prevalent in the food industry. A variety of microbiological mixtures have been used in 

these unique fermenting processes to create distinctive flavor profiles and potential health benefits. Mixed cultures are typically not 
well characterized, which may be due to the lack of simple measurement tools. Image-based cytometry systems have been employed 
to automatically count bacteria or yeast cells. In this work, we aim to develop a novel image cytometry method to distinguish and 
enumerate mixed cultures of yeast and bacteria in beer products. Cellometer X2 from Nexcelom was used to count of Lactobacillus 
plantarum and Saccharomyces cerevisiae in mixed cultures using fluorescent dyes and size exclusion image analysis algorithm. Three 
experiments were performed for validation. ( 1 ) Yeast and bacteria monoculture titration, ( 2 ) mixed culture with various ratios, and 
( 3 ) monitoring a Berliner Weisse mixed culture fermentation. All experiments were validated by comparing to manual counting of 
yeast and bacteria colony formation. They were highly comparable with ANOVA analysis showing p-value > 0.05. Overall, the novel 
image cytometry method was able to distinguish and count mixed cultures consistently and accurately, which may provide better 
characterization of mixed culture brewing applications and produce higher quality products. 

Keywords: Lactobacillus plantarum , Saccharomyces cerevisiae , Cell counting, Mixed culture, Fermentation, Image cytometry, 
Cellometer X2 

Graphical abstract 

Simple and rapid cell counting method for counting Lactobacillus plantarum and Saccharomyces cerevisiae mixed cultures using image 
cytometry. 

 

 

 

 

 

 

 

 

 

 

Yeasts are microorganisms that are eukaryotic and are mem- 
bers of the fungi kingdom. They are found naturally in the 
environment and are common on fruit skins, plant surfaces, and 
attached to some insects ( Spencer & Spencer, 1997 ) . Yeasts are 
well known for their ability to participate in fermentation, and 
this process occurs mainly in anaerobic or low-oxygen conditions. 
Yeast anaerobic fermentation yields ethanol and a myriad of 
other desirable and undesirable metabolic byproducts ( Boulton & 

Quain, 2006 ; Swiegers et al., 2005 ) . Examples of yeast-fermented 
products cover a broad range, including alcoholic beverages, kom- 
bucha, bread, and biofuels ( Liszkowska & Berlowska, 2021 ; Rojas 
et al., 2022 ) . Lactic acid bacteria ( LABs ) are a group of bacteria that 
are known for their probiotic properties and production of unique 
Introduction 

Mixed cultures have long been a staple in food preparation and
have been documented as early as 10 000 BC ( Bourdichon et al.,
2012 ; Prajapati & Nair, 2003 ) . Before the advent of modern micro-
biology, craftsmen relied on spontaneous fermentation to produce
tea, beer, cheese, and bread. Many fermentation processes utilize
mixed cultures that contain two or more different microorgan-
isms, which may include fungi ( e.g., yeast and molds ) or bacte-
ria ( e.g., lactic acid and acetic acid bacteria ) ( Hesseltine, 1992a ,
1992b ) . These varieties of mixed cultures are employed for their
ability to create unique flavor profiles, health benefits, and food
preservation capabilities ( Smid & Lacroix, 2013 ) . 
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avors in foods such as fermented yogurts, dairy products, and
egetables ( Mathur et al., 2020 ) . They can participate in homo-
actic fermentation or heterolactic fermentation. In the context
f mixed culture, different LABs will grow at different time points
uring fermentation and can be affected by levels of tolerance to
lcohol, pH, and the presence of various metabolites. Specifically,
actiplantibacillus plantarum ( formerly Lactobacillus plantarum ) has 
een studied for its probiotic activity, demonstrating adhesion
o gastrointestinal cells, enabling fermentation of silage, and
roducing antimicrobial substances such as plantarcins that
an inactivate pathogens ( Soundharrajan et al., 2019 ) . In addi-
ion, L. plantarum can produce large amounts of β-galactosidase
hat enable improved lactose digestion ( Cebeci & Gürakan,
003 ) . Furthermore, L. plantarum can ferment fructooligosac-
harides, which are indigestible sugars that cause dehydration
 Cebeci & Gürakan, 2003 ) . 
Craft breweries have grown significantly in the United States in

he past decade ( Brewers Association Releases Annual Craft Brew-
ng Industry Production Report for 2020, 2021 ) . According to the
aster Brewers Association, craft brewing reached an astounding
2.2-billion-dollar market in 2020 with ∼9000 operating breweries,
howing an annual increase of 4.5% in total operations ( Brewers
ssociation Releases Annual Craft Brewing Industry Production
eport for 2020, 2021 ) . The growth of demand also came with
n appetite for new and unique flavors such as sour beers. Sour
eers, like kettle sours, often utilize mixed cultures of yeast and
acteria to create a sweet and sour flavor profile ( Hodgkin et al.,
020 ) . Although less popular than modern light beers ( pilsners )
nd a variety of craft beers, sour beers have a much longer history.
odern sour beers can be created with pitched mixed cultures,
tepwise fermentation with different microorganisms, or can be
rewed using wild fermentation. Sour beers have risen in pop-
larity since the mid-1990s, when only a few craft brewers pro-
uced this style. In 2002, The Great American Beer Festival intro-
uced a ‘‘Sour Beer’’ category that had only 15 entries. By 2013,
his category boasted 238 entries ( Tonsmeire, 2014 ) . Sour beers
ow comprise ∼11.0% of beer sales and enjoyed a 73% increase
n sales growth in 2016 in the United States ( Statista, 2022 ) . With
he growth of sour beers have come different beer style categories
nd subsets of those categories. There are approximately eight
ategories of sour beers, including American wild ale, Berliner
eisse, Flanders red ale, gose, lambic, and Oud Bruin ( Tonsmeire,
014 ) , as well as countless variations within these established
ategories. 
Traditionally, yeast and bacteria can be counted separately us-

ng the colony formation assay with the microorganisms streaked
nto agar dishes, incubated for several days, and then counted
o enumerate colony-forming units ( CFUs; Sanders, 2012 ) . How-
ver, this method can be time-consuming, requiring 24–72 hr
or colony growth and can have high operator-dependent vari-
tion. Furthermore, enumeration of a mixed culture would re-
uire the use of multiple types of cultural media needing dif-
erent incubation times, further increasing complexity. Other
apid methods, such as flow cytometry, may be used, but in-
olve substantial capital cost, can be quite expensive to main-
ain, require a dedicated operator, and may be time-consuming
ue to the need to label to distinguish the microorganisms
 Thomas et al., 2012 ) . 
In the last decade, image cytometry has been used in many

raft breweries for production and quality control to directly
ount yeast and measure viability to ensure consistency in bev-
rage products ( Chan et al., 2011 , 2012 ; Saldi et al., 2014 ) . Pre-
ious publications have also shown accurate direct counting of
rettanomyces yeast and Lactobacillus bacteria ( Hodgkin et al., 2020 ;
artyniak et al., 2017 ) . In this work, we demonstrate the use of the
ellometer X2 image cytometer to simultaneously count a mixed
ulture of Saccharomyces cerevisiae ( S. cerevisiae ) and Lactiplantibacil-
us plantarum ( L. plantarum ) , which has not been shown previously.
irst, we demonstrate the ability to count titrations of monocul-
ure of yeast and bacteria with fluorescent staining. Second, we
erify the use of the bacteria counting chambers for yeast count-
ng. Third, we validate the direct counting of yeast and bacteria
ith various mixture ratios. Finally, we monitor the yeast and bac-
eria concentration during a standard mixed culture fermenta-
ion of a Berliner Weisse-style beer. In addition, manual count-
ng of CFU is conducted concurrently for direct concentration
omparison. 
Direct cell counting of mixed culture of yeast and bacteria us-

ng chamber-based image cytometric analysis has not been pub-
ished previously. The utilization of two fluorescent dyes for opti-
izing staining and distinguishing yeast and bacteria cells, as well
s the use of thin chamber slides for ensuring optimal focus, are
ighly innovative. The proposed novel image cytometry method
or mixed cultures can rapidly characterize the concentration of
east and bacteria microorganisms in beverage products during
he course of fermentation, which may improve the consistency
nd quality of the end products. 

aterials and Methods 

accharomyces cerevisiae Preparation 

accharomyces cerevisiae ( Safale S-04 ) was purchased from Fermen-
is ( Marcq-en-Barœul, France ) in dry yeast packets. Dried yeast
ackets were rehydrated and grown overnight in 50 mL of potato
extrose broth ( Difco, BD, Franklin Lakes, NJ ) . The yeast culture
as isolated with streak plating on acidified potato dextrose agar

 APDA, Difco ) plates in triplicate. Next, the isolated yeast colonies
ere aseptically transferred to 10 mL of acidified potato dextrose
roth and incubated for 24 hr at 30°C. 
For each experiment, an isolated yeast colony was aseptically

ransferred from APDA plates to 50 mL of potato dextrose broth in
riplicate and incubated in a water bath shaker for 24 hr at 30°C.
ext, ∼10 mL aliquots were collected from each sample and cen-
rifuged ( Eppendorf 5430, Framingham, MA ) for 5 min at 4000 RPM
 1800 × g ) . Subsequently, the pellet was resuspended in 2 mL of 1X
BS ( pH 7.4 ) , yielding an approximate yeast concentration of 10 7 

ells/mL. 

actiplantibacillus plantarum Preparation 

actiplantibacillus plantarum ( Lactobacillus plantarum ATCC 8014 )
as sourced from the American Type Culture Collection ( ATCC,
anassas, VA ) . The strain was stored in 1 mL aliquots of DeMann,
ogosa, and Sharpe ( MRS ) broth ( Difco ) mixed 50:50 with 80%
lycerol at −80°C. After thawing, each aliquot was transferred to
 mL of MRS broth and incubated for 24 hr at 30°C. Next, the 24-hr
rowth culture was streaked onto MRS plates and incubated for
–2 days at 30°C. For each experiment, a single isolated colony
rom each MRS streak plate was aseptically transferred to a tube
ontaining 9 mL of sterilized MRS broth. The inoculated samples
ere incubated for 24 hr at 30°C. 

luorescent Stain Preparation and Staining 

rotocol 
he acridine orange ( AO ) and propidium iodide ( PI ) fluorescent
uclear stains were provided by Nexcelom ( Lawrence, MA ) and
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used to stain S. cerevisiae ( Chan et al., 2011 ; Saldi et al., 2014 ) .
The ViaStain 

TM 
AO/PI Staining Solution ( CS2-0106-5mL ) was used

for the initial yeast monoculture staining. For yeast monoculture
AO/PI staining, the samples were first diluted 1:1 with the yeast
dilution buffer ( Nexcelom ) and then mixed 1:1 with the AO/PI dye
for ∼2 min prior to image cytometric analysis. 

The SYTO BC fluorescent stain was purchased from Thermo
Fisher Scientific ( Carlsbad, CA ) . The working stock of SYTO BC
was prepared by diluting 1:100 in deionized ( DI ) water. The work-
ing stock solution was mixed well and stored in the dark for
staining at ambient temperature. Stock solutions were freshly
prepared for each experiment. For bacteria monoculture stain-
ing, the samples were stained 1:1 with the SYTO BC work-
ing solution for ∼2 min prior to image cytometric analysis
( Hodgkin et al., 2020 ) . 

The ViaStain 
TM 

AO Staining Solution ( CS1-0108-5mL ) and SYTO
BC were used for yeast and bacteria mixed culture staining. The
SYTO BC working stock ( 1:100 in water ) was mixed 2:1 with AO
and vortexed. The yeast and bacteria mixed culture was stained
1:1 with the SYTO BC/AO mixed stain for ∼2 min. All the fluores-
cent stains were prepared fresh for each experiment and stored
at ambient temperature for the duration of the experiment. 

Cellometer X2 Image Cytometry Method 

The Cellometer X2 image cytometer utilizes a bright field and two
fluorescent imaging channels: green ( VC-535-402 ) and red ( VC-
660-502 ) for cell count, concentration, and viability measurement
( Hodgkin et al., 2020 ; Martyniak et al., 2017 ; Saldi et al., 2014 ) . The
instrument implements a 10X objective, producing a resolution of
∼0.5 μm 

2 /pixel. 
For the initial yeast counting experiments, both fluores-

cent channels were used. The VC-535-402 ( excitation/emission:
470 nm/535 nm ) was used to detect and enumerate AO-stained
cells with exposure times between 500 and 1000 ms, while the VC-
660-502 ( excitation/emission: 540 nm/660 nm ) was used to detect
and enumerate PI-stained cells with exposure times between 2200
and 2700 ms. Following the AO/PI yeast staining protocol, 5 μL of
the stained sample was pipetted into a Nexcelom counting cham-
ber ( CHT4-SD025 ) and inserted into the system. The chamber was
immediately checked under the bright field for appropriate yeast
morphology and potential contamination. After the chamber was
reviewed and focused, the system would acquire bright field and
fluorescent images at four different areas in the counting cham-
ber. The images were analyzed automatically in the software to
generate cell count, concentration, and viability using the follow-
ing counting parameters: fluorescence ( FL ) channel 1, cell diam-
eter ( 2.0–30.0 μm ) , roundness ( 0.00 ) , fluorescent threshold ( 25.0 ) ,
decluster Th factor ( 0.90 ) ; fluorescence ( FL ) channel 2, cell diam-
eter ( 2.0–30.0 μm ) , roundness ( 0.00 ) , fluorescent threshold ( 20.0 ) ,
decluster Th factor ( 0.90 ) . 

For the bacteria counting experiments, only the VC-535-402
channel was used with exposure times between 300 and 1500 ms.
Following the SYTO BC staining protocol, 5 μL of the stained sam-
ple was pipetted into the CHT4-SD025 counting chamber. The in-
let and outlet ports were quickly taped with Scotch tape to pre-
vent evaporation and slow cell movement within the chamber.
The cells in the taped chamber were allowed to settle for ∼30 s to
further minimize movement, and then inserted into the system
for image analysis using the following parameters: fluorescence
( FL ) channel 1: cell diameter ( 0.7–40.0 μm ) , roundness ( 0.00 ) , flu-
orescent threshold ( 10.0 ) , decluster Th factor ( 0.90 ) . 
A similar procedure was performed for analyzing bacteria and 
yeast mixtures with two fluorescent channels, where both chan- 
nels were set up with VC-535-402 to detect AO and SYTO BC flu-
orescence. Slightly stricter image analysis parameters were used 
to improve cell counting for yeast and bacteria stained with AO 

and SYTO BC, respectively with the following parameters: fluores- 
cence ( FL ) channel 1––yeast, cell diameter ( 6.0–50.0 μm ) , round- 
ness ( 0.00 ) , fluorescent threshold ( 8.0 ) , decluster Th factor ( 0.90 ) ;
fluorescence ( FL ) channel 2––bacteria, cell diameter ( 0.5–5.0 μm ) ,
roundness ( 0.00 ) , fluorescent threshold ( 10.0 ) , decluster Th factor 
( 0.90 ) . 

Comparison of SD100 and SD025 Cell Counting 

Chamber for S. cerevisiae 
Previous publications have demonstrated the validation of yeast 
counting in Cellometer X2 image cytometer using the CHT4- 
SD100 cell counting chambers. Since S. cerevisiae and L. plantarum 

mixtures are required to use the CHT4-SD025, we performed a di-
rect concentration comparison of yeast counting in both cham- 
bers. First, the stock yeast culture was diluted in deionized ( DI )
H 2 O to 0.25, 0.5, 0.75, and 1 dilution fractions ( n = 6/dilution ) . Each
dilution was stained with AO/PI and immediately analyzed using 
the image cytometer for total concentration comparison. 

Independent Measurement of L. plantarum and 

S. cerevisiae Titration 

An initial titration experiment was performed for both L. plan- 
tarum and S. cerevisiae to demonstrate the counting capability of 
the image cytometer. After preparing the stock cultures for yeast 
and bacteria, the yeast sample was diluted with DI H 2 O to 0.1,
0.3, 0.5, 0.7, 0.9, and 1 dilution fractions ( n = 4/dilution ) , while
the bacteria sample was diluted to 0.1, 0.25, 0.5, 0.75, and 1 di-
lution fractions ( n = 6/dilution ) . The yeast samples were stained 
with AO/PI, the bacteria samples were stained with SYTO BC, and 
subsequently imaged and analyzed using the image cytometer to 
produce cell concentration results. The titration experiment was 
repeated two more times and validated against the CFU manual 
counting method ( described below ) . 

Lactobacillus plantarum and S. cerevisiae Mixed 

Culture Detection Validation Experiment 
To demonstrate the ability of the image cytometer to correctly 
identify and count yeast and bacteria in the mixed cultures, we 
performed three separate experiments at various mixture ratios.
First, the stock yeast culture was diluted to 0.001, 0.01, 0.1, 0.2,
0.5, and 1 dilution fractions, and mixed with the stock bacteria 
culture at 1:1 ( n = 6/dilution ) . Second, the stock bacteria cul-
ture was diluted to the same dilution fractions and mixed with
the stock yeast culture at 1:1 ( n = 6/dilution ) . Third, the stock
yeast and bacteria cultures were mixed at different percentages 
of yeast/bacteria: 0, 25, 50, 75, and 100% ( n = 6/dilution ) . The
mixtures from the three experiments were all stained with the 
AO/SYTO BC dye mixture and immediately analyzed using the im- 
age cytometer for total concentration measurement. The mixed 
culture detection experiment was repeated two more times and 
validated against the CFU manual counting method. 

CFU Manual Counting Method 

The measured cell concentrations of 24-hr yeast culture were 
compared between image cytometry and manual plate count- 
ing. The stock yeast solution was serially diluted in DI H 2 O from
10 −4 to 10 −6 dilution factors in duplicate and then spread onto 
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Fig. 1. Saccharomyces cerevisiae concentration comparison in respect to 
dilution fractions between SD100 and SD025 counting chambers. 
PDA plates in triplicate. The inoculated plates were incubated for
–3 days at 30°C. The most countable dilution plates were used,
nd the rest were discarded. 
Similarly, the measured cell concentrations of 24-hr L. plan-

arum cultures were also compared between image cytometry and
anual plate counting. The bacteria stock cultures for L. plan-

arum were serially diluted with peptone water from 10 −5 to 10 −7 

ilution factors in triplicate and then spread onto MRS agar plates
n duplicate. The inoculated plates were incubated for 1–2 days at
0°C. The most countable dilution plates were used, and the rest
ere discarded. 

FU and Image Cytometry Comparison Using 

NOVA 

ounting results from the image cytometry and plating meth-
ds were back-calculated to the starting concentrations of their
espective 24-hr growth cultures. The colony counting ( CFU/mL )
nd cell counting ( cells/mL ) results were first converted to log
cale ( base 10 ) , and the average results from each experiment
ere compared between image cytometry and traditional man-
al counting method using the ANOVA regression in JMP Pro 15.2.0
 466311 ) . A p -value of < .05 was considered statistically significant.

erliner Wiesse Style Mixed Culture 

ermentation Experiment 
 sour beer fermentation experiment was designed and con-
ucted with the mixed culture process to demonstrate the ability
f the proposed image cytometry method to accurately count the
oncentrations of L. plantarum and S. cerevisiae simultaneously in
ort media during active fermentation. 
All equipment was cleaned, rinsed, and sanitized before each

rial. Five Star PBW ( Five Star Chemical, Arvada, CO ) was used for
leaning, and Five Star Saniclean Low Foam was used to sanitize.
 Sabco Brew-Magic TM system ( Toledo, OH ) was utilized to mash,
parge, and boil the wort, and a Sabco Chill-Wizard plate chiller
 Toledo, OH ) was used to cool the wort. 
To prepare for the mixed culture fermentation, an isolated

olony from the L. plantarum preparation was aseptically trans-
erred to 100 mL of MRS broth and incubated for 24 hr at 30°C
ntil a concentration of 10 9 CFU/mL was achieved. Next, an iso-
ated yeast colony from the S. cerevisiae preparation streak plates
as aseptically transferred to 50 mL of potato dextrose broth and

ncubated for 24 hr at 30°C. The 24-hr yeast culture was added
o a 1.040 specific gravity ( SG ) malt-dextrose solution and mixed
sing a stir bar at room temperature for up to 48 hr or until a
oncentration of at least 10 8 CFU/mL was achieved. 
The Sabco Brew-Magic TM system was used to prepare ∼6 gal-

ons ( 22.7 L ) of wort to be divided into three fermentation vessels.
he wort was prepared by mashing 4.33 lb ( 1.96 kg ) of German
ilsner malt, 4.33 lb ( 1.96 kg ) of German wheat malt, and 0.66 lb
 0.30 kg ) of rice hulls into 3 gallons ( 11.4 L ) of water at 71°C. The
ash was stirred every 20 min for a total of 60 min during the
ashing step. At the end of the 60 min, the mash was allowed to

ecirculate ( Vorloauf ) for 10 min or until the liquid was clear. The
rain was then rinsed ( sparged ) with 4 gallons ( 15.1 L ) of water at
5°C. During sparging, 6 gallons ( 22.7 L ) of wort was transferred
o a kettle and boiled ( kettled ) for 60 min. After boiling, a sam-
le was collected to test the pH and SG. The initial pH averaged
.66, and the average initial SG was 1.0336. The wort was chilled
sing a Sabco Chill Wizard plate chiller/heat exchanger ( Toledo,
H ) . Next, ∼0.75 gallons ( 2.8 L ) of chilled wort was transferred
o each of the three one-gallon ( 3.8-L ) glass fermentation vessels
ith lids and three-piece airlocks. Each fermentation vessel was
ncubated between 22 and 24°C. Finally, the wort was inoculated
ith an estimated 750 million cells/mL of S. cerevisiae and ∼10
illion cells/mL of L. plantarum , which were typical industry stan-
ards for a mixed-cultured beer. 
Three independent fermentation trials were performed and
onitored. The wort was sampled at 0, 3, 6, 9, 12, 24, and 48 hr,
here the concentrations of L. plantarum and S. cerevisiae were an-
lyzed and monitored using the image cytometer. Similarly, plat-
ng and manual counting of CFU were performed on the APDA and
RS plates. For image cytometric analysis, 1.5 mL of sample was
ollected at each time point, diluted 1:10 in DI water, and then
tained with the AO/SYTO BC dye mixture prior to image analysis
 n = 4 ) . Unstained samples were diluted and plated based on the
mage cytometry results. The S. cerevisiae and L. plantarum sam-
les were plated using APDA and MRS plates in triplicate, respec-
ively. The agar plates were incubated at 30°C for 48–72 hr and
4–48 hr for S. cerevisiae and L. plantarum , respectively, and the re-
ulting manual counting concentrations were compared directly
o image cytometry. The resulting concentrations ( CFU/mL ) of the
lating cultures and image cytometer ( cells/mL ) were converted
o a log scale ( base 10 ) for comparison ( CFU/mL and cells/mL were
sed interchangeably ) . The average log ( CFU/mL ) or log ( cells/mL )
alues for each experiment were compared using ANOVA in JMP
ro 15.2.0 ( 466 311 ) . A p -value of < .05 was considered statistically
ignificant. Finally, other parameters were collected during the fer-
entation, such as pH, SG, and aroma profile. 

esults and Discussion 

erification of SD025 Cell Counting Chamber for 
. cerevisiae 
n this experiment, we verified that the use of the SD025 bacte-
ia counting chamber can be used for yeast counting. In previ-
us publications, yeast has been primarily counted in the SD100
hambers, thus it was critical to demonstrate that there are min-
mal effects on counting yeast in a thinner chamber. The yeast
onoculture was first diluted with 0.25, 0.5, 0.75, and 1.00 dilution

ractions and then counted with AO/PI staining. The results are
hown in Fig. 1 , which showed comparable concentration mea-
urements between the two types of consumables. The percent-
ge differences were 17.6, 5.6, 8.3, and 6.7%, respectively, for dilu-
ion fractions from 0.25 to 1.00. Overall, a two-sample t -test was
alculated for each dilution and showed no significant statistical
ifferences ( 0.66, 0.44, and 0.34 ) between the two consumables
xcept the 0.25 dilution fraction ( 0.001 ) , which may be due to cell
ounting precision at low concentration. 
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Table 1. ANOVA comparison analysis between manual counting 
and image cytometry for Lactobacillus plantarum and Saccharomyces 
cerevisiae monoculture titration experiments 

L. plantarum titration 

Trial 

Manual 
counting 

Log ( CFU/mL ) 

Image 
cytometry 

Log ( cells/mL ) Difference p -value 

1 9.65 ± 0.04 9.71 ± 0.25 −0.06 .49 
2 9.65 ± 0.06 9.74 ± 0.26 −0.09 
3 9.80 ± 0.04 9.77 ± 0.19 0.03 

S. cerevisiae titration 
1 7.66 ± 0.07 7.54 ± 0.17 0.12 .85 
2 7.32 ± 0.12 7.31 ± 0.08 0.01 
3 7.53 ± 0.08 7.58 ± 0.08 −0.05 

 

 

 

 

 

Verification of L. plantarum and S. cerevisiae 
Titration Measurement 
To validate the ability of the image cytometer to measure the titra-
tion of yeast and bacteria monocultures, we prepared a monocul-
ture of S. cerevisiae at dilution fractions of 0.1, 0.3, 0.5, 0.7, 0.9, and
1.0, as well as a monoculture of L. plantarum at dilution fractions
of 0.1, 0.25, 0.50, 0.75, and 1.00. After staining the samples with
AO/PI and SYTO BC, respectively, they were counted with the im-
age cytometer to generate the titration results. 

The counted fluorescent images and results for L. plantarum
and S. cerevisiae are shown in Fig. 2 ( top ) , which demonstrated the
direct counting of fluorescently stained yeast and bacteria. The
titration results showed a highly linear response for both microor-
ganisms with R 2 values of 0.997 and 0.967 for L. plantarum and S.
cerevisiae , respectively ( bottom ) . This experiment repeated previ-
ously demonstrated cell counting methods using AO/PI and SYTO
BC staining ( Hodgkin et al., 2020 ; Saldi et al., 2014 ) . The green out-
lines in the images showed individual yeast and bacteria counted.
Furthermore, the ANOVA analysis showed that image cytometry
and manual counting were statistically comparable when count-
ing the monocultures of L. plantarum and S. cerevisiae for the three
repeated experiments with a p -value of .49 and .85, respectively
( Table 1 ) . 

Validation of L. plantarum and S. cerevisiae 
Mixture Measurement 
To demonstrate the ability of the image cytometer to simulta-
neously count yeast and bacteria in mixed culture, we prepared
three different samples with various ratios of L. plantarum and S.
cerevisiae in the mixture. The purpose of the first two experiments
was to show the simultaneous counting of L. plantarum and S. cere-
visiae when keeping one microorganism constant and diluting the
other. The third experiment was to show simultaneous counting
when both microorganisms were diluted. 
Fig. 2. ( Top ) Counted fluorescent images of Lactobacillus plantarum and Saccharo
measurement results. 
The bright field and fluorescent images, as well as the results of
the mixed culture enumeration by image cytometry, are shown in 
Fig. 3 , where the acquisition of both fluorescent channels was set
to green to detect AO and SYTO BC. The parameters were set up to
only count the yeast and bacteria in channels 1 and 2, respectively.
The first experiment ( L. plantarum constant ) showed R 2 values of 
0.981 and 0.219 for yeast and bacteria, respectively. The second 
experiment ( S. cerevisiae constant ) showed R 2 values of 0.056 and 
0.994 for yeast and bacteria, respectively. The results indicated 
that the image cytometer was able to successfully measure the 
titration of yeast and bacteria, as well as measuring the constant 
concentrations. For the third experiment, the R 2 values were 0.967 
and 0.970 for yeast and bacteria, respectively, which showed that 
the image cytometer can measure titrations from both organisms 
simultaneously. The ANOVA analysis showed that image cytom- 
etry and manual counting were statistically comparable for all 
three different mixture experiments at n = 3 ( Tables 2 and 3 ) . First,
myces cerevisiae and ( Bottom ) monoculture titration concentration 
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Fig. 3. ( Top ) Bright field and counted fluorescent images of Lactobacillus plantarum and Saccharomyces cerevisiae and ( Bottom ) L. plantarum constant, S. 
cerevisiae constant, and mixture ratio concentration measurement results. 

Table 2. ANOVA comparison analysis between manual counting and image cytometry for Lactobacillus plantarum and Saccharomyces cere- 
visiae constant and titration experiments 

S. cerevisiae constant ( L. plantarum ) S. cerevisiae constant ( S. cerevisiae ) 

Trial 

Manual 
counting 

Log ( CFU/mL ) 

Image 
cytometry 

Log ( cells/mL ) Difference p -value Trial 

Manual 
counting 

Log ( CFU/mL ) 

Image 
cytometry 

Log ( cells/mL ) Difference p -value 

1 9.68 ± 0.04 9.85 ± 0.07 −0.17 .58 1 7.66 ± 0.07 7.73 ± 0.08 −0.07 .50 
2 9.89 ± 0.07 9.72 ± 0.04 0.32 2 7.57 ± 0.13 7.71 ± 0.07 −0.14 
3 9.79 ± 0.07 9.63 ± 0.08 0.16 3 7.50 ± 0.05 7.49 ± 0.13 0.07 

L. plantarum constant ( L. plantarum ) L. plantarum constant ( S. cerevisiae ) 
1 9.69 ± 0.03 9.78 ± 0.03 −0.09 .96 1 7.66 ± 0.07 7.87 ± 0.05 −0.11 .46 
2 9.49 ± 0.11 9.65 ± 0.03 −0.16 2 7.62 ± 0.11 7.62 ± 0.14 0.00 
3 9.76 ± 0.07 9.49 ± 0.05 0.26 3 7.47 ± 0.05 7.54 ± 0.06 −0.10 

Table 3. ANOVA comparison analysis between manual counting 
and image cytometry for Lactobacillus plantarum and Saccharomyces 
cerevisiae mixture ratio experiments 

L. plantarum mixture ratio 

Trial 

Manual 
counting 

Log ( CFU/mL ) 

Image 
cytometry 

Log ( cells/mL ) Difference p -value 

1 9.32 ± 0.06 9.68 ± 0.07 −0.36 .18 
2 9.60 ± 0.12 9.76 ± 0.14 −0.16 
3 9.68 ± 0.08 9.65 ± 0.14 0.03 

S. cerevisiae mixture ratio 
1 7.17 ± 0.06 7.67 ± 0.10 −0.50 .08 
2 7.33 ± 0.12 7.74 ± 0.08 −0.41 
3 7.54 ± 0.15 7.51 ± 0.11 0.03 

k  

b  

s  

t  

a
 

p  

a  

m

V
M
T  

p  

1  

t  

e  

t  
eeping L. plantarum constant, the p -values were .58 and 0.50 for
acteria and yeast, respectively. Second, keeping S. cerevisiae con-
tant, the p -values were .96 and 0.46, respectively. Finally, the bac-
eria and yeast ratio mixture experiment showed p -values at .18
nd .08, respectively. 
It is important to note that fluorescent staining is critical for the

roposed image cytometry method to distinguish between yeast
nd bacteria cells. Fluorescence-based image analysis can also
inimize background noise and debris in bright-field imaging. 

erification of L. plantarum and S. cerevisiae 
easurement in Fermentation 

he fermentation trials focused on producing a Berliner Wiesse
roduct, a low-alcohol German sour beer that dates back to the
6th century. It is traditionally fermented with S. cerevisiae or Bret-
anomyces in combination with LABs using wort made from mixed
xtracted wheat and grain malt. In addition, Berliner Wiesse is
raditionally brewed with small quantities of hops or without
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Fig. 4. Time-course monitoring of Lactobacillus plantarum and Saccharomyces cerevisiae concentrations comparison between image cytometry and 
manual counting during the Berliner Weisse fermentation process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. ANOVA comparison analysis between manual counting 
and image cytometry for Lactobacillus plantarum and Saccharomyces 
cerevisiae mixed culture Berliner Wiesse fermentation 

L. plantarum mixed culture fermentation 

Trial 

Manual 
counting 

Log ( CFU/mL ) 

Image 
cytometry 

Log ( cells/mL ) Difference p -value 

1 8.51 ± 0.25 8.51 ± 0.22 0.00 .81 
2 8.38 ± 0.12 8.40 ± 0.12 −0.02 
3 8.40 ± 0.12 8.42 ± 0.17 −0.02 

S. cerevisiae mixed culture fermentation 
1 6.72 ± 0.47 6.43 ± 0.43 0.29 .73 
2 6.98 ± 0.40 7.20 ± 0.41 −0.22 
3 6.64 ± 0.26 6.99 ± 0.21 −0.35 

 

 

 

hops because the LABs are sensitive to compounds found in hops
( Schurr et al., 2015 ) due to the antimicrobial properties that can
disrupt cell membranes. Therefore, hops were removed from the
fermentation recipe. The simplicity of the fermentation process
aligned closely with the mixed-culture cell counting method de-
veloped in this work. 

The validated image cytometry cell counting method was used
to determine the concentration of S. cerevisiae and L. plantarum
during fermentation. The results showed a range of 5.93–7.38 log
and 8.88–8.12 log, respectively ( Fig. 4 ) . The S. cerevisiae concentra-
tion increased in the first 9 hr of the fermentation and peaked
at ∼1.82 × 10 7 CFU/mL for both image cytometry and manual
counting ( APDA ) . The concentration decreased from 12 to 24 hr
resulting in an average concentration of 3.72 × 10 6 CFU/mL for
image cytometry and 2.29 × 10 6 for manual counting. Finally, the
yeast concentration tapered off at ∼3.02 × 10 6 cells/mL. Saccha-
romyces cerevisiae experienced the highest growth in the first 9 hr,
followed by a slight reduction at every time point throughout the
48 hr, which could be caused by the lower pH ( ∼5.1 ) inhibiting
the yeast replication or by the ending of primary fermentation
( Bamforth, 2009 ) . Some brewers may define the end of the primary
fermentation when the SG falls below 1.030. Even at a low pH, if
fermentable sugars are present, yeast will continue to lower the
SG as they can better tolerate a low pH and increase alcohol con-
centration. This can result in some sour beer fermentation span-
ning many months, which is usually caused by the presence of
Brettanomyces . Due to time constraints in this work, fermentation
trials were monitored for 48 hr, when the SG fell below 1.030, in-
dicating the completion of primary fermentation. 

On the other hand, the L. plantarum concentration increased in
the first 12 hr and then plateaued from 24 to 48 hr. The L. plantarum
started with a concentration of 1.48 × 10 8 CFU/mL for image cy-
tometry and 1.41 × 10 8 for manual counting ( MRS ) . The concen-
tration increased to ∼3.55 × 10 8 and 3.98 × 10 8 cells/mL for image
cytometry and manual counting, respectively. The final concen-
tration after 48 hr was ∼3.31 × 10 8 and 3.55 × 10 8 CFU/mL for
image cytometry and manual counting, respectively. Lactobacillus
plantarum was in a growth phase in the first 12 hr. Subsequently,
L. plantarum plateaus, and the increases were negligible until the
48-hr time point. This fermentation characteristic was observed
in each of the three fermentation trials. Lactic acid bacteria are
the most active in the first 12 hr of fermentation, where a steep
reduction in the pH can be seen in the fermenting wort for sour
beers. In general, the pH can reduce from mid-5 to low 3, where
the LABs are inhibited at low pH and can no longer replicate. The
plateauing of concentration corresponded with the reduction of 
LAB activity that occurred after 12 hr. 

The calculated ANOVA comparison between image cytometry 
and manual counting showed statistically comparable results be- 
tween the two counting methods as well as the two microorgan- 
isms during the fermentation ( Table 4 ) . The p -values calculated
for bacteria and yeast were .73 and .81, respectively, which indi-
cates that there was no significant difference between the novel 
image cytometry method and traditional manual counting. 

The results from the mixed culture fermentation experiment 
were used to demonstrate the ability of the novel image cytom- 
etry method to simultaneously count yeast and bacteria directly 
from fermentation samples while simulating standard industry 
practices. We found no significant differences between the count- 
ing methods. Therefore, the proposed image cytometry method 
may be utilized for commercial brewing applications. 

Conclusion 

In this work, we have demonstrated the capability of the Cellome- 
ter X2 image cytometer to automatically distinguish and count 
L. plantarum and S. cerevisiae in monoculture, different mixture 
ratios, and mixed culture fermentation. The novel method was 
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alidated by comparing with traditional CFU manual counting,
hich demonstrated highly comparable cell concentration re-
ults for all experiments. The proposed image cytometry method
n combination with fluorescent stains and size exclusion image
nalysis algorithms is the only cell counting technique that can
ount L. plantarum and S. cerevisiae simultaneously in a mixed
ulture. Therefore, it can provide an effective and efficient tool
o characterize mixed cultures during fermentation, producing
ore consistent and higher-quality beverage products. Further

esearch will be performed to expand the species of bacteria and
rettanomyces yeast and to assess the utility of the method in
ther fermented beverages. 
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