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FOOD BIOLOGICAL CONTAMINANTS

Flow Cytometric Method for in situ Preparation of Standard
Materials of a Small Defined Number of Microbial Cells with

Colony-Forming Potentiality
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Standard materials of a small defined nhumber of
cells with colony-forming potentiality are essential
for the rational validation of food microbiological
methods. An in situ flow cytometric method using
viable staining with 6-carboxyfluorescein diacetate
(CFDA) and tryptic soy agar (TSA) was previously
proposed and its feasibility was demonstrated with
five strains. In this study, this method was applied
to 16 strains to support its broad applicability. The
cell sorting gate was previously determined based
on the CFDA stainability alone. Now the structural
properties of cells designated by forward and '
side-scattering intensities have been introduced
as the second gating criteria. Under the optimum
gate condition, 100 cells have been selected and
sorted on TSA. Consequently, a 95% or higher .
colony-forming rate has been attained for every
strain. A successful application to microaerophilic
Campylobacter spp. is especially of great importance
because it suggests further broader applicability.

~ 1l standard and reference methods for determining
Amicrobial cells in food are based on colony counting
methods using appropriate agar media. The number

of colonies that appear on agar media is usually expressed in
terms of CFUs. A CFU is usually a single cell but may represent
a pair, a cluster, or a chain of cells that can be formed by a
cell population. However, another concept concerning a single
cell is necessary, and for this concept we have introduced the
term colony-forming potentiality (CFP), which is a single cell
that can grow to form a colony with a visible size. Thus, a CFP
is not just a viable cell but is one that can replicate to form a
visible colony. Injured cells are typical of viable cells that may
not necessarily maintain CFP (1, 2), and thus might cause a
reduction in viable cell count. Count loss is also caused by the
presence of microcolonies; the formation of colonies provides
evidence of viable cells, but it is well-known that microcolonies
can hardly bé observed by manual colony counting (3). The
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reduction in cell count due to these causes is a crmcal issue
even in the absence of food matrixes.

On the other hand, in common test samples containing food
matrixes, the problem of false signals is more serious because
the distinction between microbial colonies and nonbiological
particles is difficult. To date, various methods for the continuous
or time-lapse measurement of the colony-forming process have
been developed (4, 5) and may effectively reduce the number of
false signals. However, it still remains difficult to approve the
results as accurate values unless the methods have been well
validated separately. )

In this context, the development of standard materials of cells
maintaining CFP is an urgent requirement. Certified reference
materials (CRMs) for microbiological analysis provided by the
Institute for Reference Materials and Measurements (IRMM)
in Belgium are thought to be feasible tools for this purpose.
The CRMs comprise gelatin capsules containing milk powder
contaminated with a spray containing bacterial cells of a target
strain. For instance, BCR-528 is a CRM for Bacillus cereus
American Type Culture Collection (ATCC) (Manassas, VA)
9139. According to its certificate of analysis, the number of
colony-forming particles is 53.4 = 0.9 per capsule (mean = SD,
n =11 (6). To date, however, the number of CRMs available is
only six strains.

BioBall® developed in 2003 is a useful standard materlal

* containing a few cells (7, 8). This standard material enables

the preparation of an exact number of 30 + 2 colonies simply
by plating the small cotton-like ball on an agar plate. On the
basis of this technology, IRMM developed two BioBall strains:
Escherichia coli 0157 (NTCT 12900) (9) and Salmonella
enteritidis (NCTC 12694) (10). However, the number of BioBalls
developed so far is only 10 strains.

These standard materials can be preserved, and their
performance after storage has been validated. Nevertheless,
the number of standard strains available is very small, and
the development of new ones is still difficult because of high
costs, long preparation times, and variations in strain-specific
properties. Therefore, an alternative approach to standard
materials is urgently required. An in situ preparation method
using a flow cytometric cell sorter (FCCS) was considered.
Originally, FCCS was applied to animal cells greater than
10-20 um, but recently it has been applied successfully to
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Figure 1. -Colony formation patterns (A) E. coli ATCC 8739;
(B) C. freundii; (C) K. pneumoniae; (D) M. morganii; (E) M. luteus;
and (F) C. coli. A bar mdlcates 15 mm. :

smaller bactemal cells (11, 12) and is-used for the productlon
of BioBalls.

- In a previous study (13), we found that staining target cells
with 6-carboxyfluorescein diacetate (CFDA) and sorting -of
the CFDA stainable cells on tryptic soy agar (TSA) plates was
effective for two strains of E. coli, and one strain each of Bacillus

“subtilis, Pseudomonas aeruginosa, and Staphylococcus aureus.
CFDA is well-known as a probe for viable cells (14, 15), and
the CFDA stainability of each cell is displayed as a histogram
of fluorescent intensity. versus number of cells. Therefore, a
sortmg gate can be set on this histogram as a deﬁmte range of

' ﬂuorescence intensity. Sorting based on the CFDA stainability
alone, however, was not sufficient for broader application.
Therefore, we have introduced the second sorting gate based
on structural properties of cells. The structural properties of
each cell are plotted on a panel of forward scatter intensity
(FSC) versus side scatter intensity (SSC). FSC is an indicator
of cell size while SSC indicates the complexity of intracellular
structure. This second sorting gate can be set on the FSC-SCC
panel as a definite area. In this study, we intended to find an
optimum gate condition in the FSC-SSC panel by trial and error
for each of 16 strains including the microaerophilic strains of
Campylobacter.

Experimental

Microorganisms

E. coli K-122 (NBRC 3301), Klebsiella pneumoniae
(NBRC 3318), Enterobacter aerogenes - (NBRC 12010),
Pseudomonas  aeruginosa (NBRC 12689), B. subtilis
(NBRC 3009), S. aureus (NBRC 102135), and Micrococcus
luteus (NBRC 12708) were obtained from the National Institute
of Technology and Evaluatlon-Blologlcal Resource Center

(NBRC; Kisarazu, Chiba, Japan). Escherichia coli ATCC 8739

: JOURNAL OF AOAC INTERNATIONAL VoL. 97, No. 2,2014
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_Figure 2. Flow cytograms df'microbial cells (A) E. coli ATCC 8739;
(B) C. freundii; (C) M. luteus; (D) S. aureus; (E) E. agglomerans:

(a) Fluorescence intensity profile before staining with CFDA;

(b) fluorescence intensity profile after staining with CFDA;

(c) particle distribution pattern. Sorting gates are P2&P4 (A, E) or
P2&P3:(B, C, D). Particles in these gates are mdlcated as yellow
points; (F) center points of the optimum sorting gate.

'was obtained from ATCC.VE. coli 0126, Enterobacter cloacae,
- Enterobacter agglomerans, and  Citrobacter. freundii were -
“isolated from. food: Morganella morganii is a histamine-

producing bacteria and was kindly provided by T. Fujii (Tokyo

. University of Marine Science and Technology, Tokyo, Japan).

E. coli AW539 is an aspartate taxis mutant and was obtained
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Colony forming rate (%)

Figure 3. CFRs of the strains tested. Data are mean £ SD (n=3).A
broken line indicates the 95% criteria.

from Nagoya University (Nagoya, Japan). Campylobacter
Jjejuni INCTC 11168) and C. coli (JCM 2529) were obtained
from National Institute of Health Sciences (Tokyo, Japan).

Culture and Fluorescent Staining

Every strain except C. jejuni and C. coli was precultured in
tryptic soy broth, and its cell suspension was plated on TSA.

After culture at 37°C for 18 h, the resulting colonies were picked

up and suspended in phosphate buffer solution (PBS), 0.1 M,
pH 7.0. The cell concentration was adjusted at 10® cells/mL.
A 1 mL aliquot of this cell suspension was transferred to a
microtube; then CFDA (Sigma, St. Louis, MO) was added to
the microtube at 150 ppm. After the reaction with CFDA for
30 min, the cell suspension was diluted 100-fold with PBS and
then transferred into a 5 mL polystyrene round-bottom tube (BD
Falcon, 352235; Becton Dickinson Co., Cockeysville, MD)
through a strainer cap attached to the tube. The mesh size of the
strainer was 35 um.

C. jejuni and C. coli stored at —80°C were placed on

Miiller-Hinton agar containing vancomycin (1 pg/mlL) and
incubated at 37°C for 48 h under a microaerophilic atmosphere
(0, 6-12%, CO, 5-8%) maintained with AnaeroPackina2.5L
rectangular jar (Mitsubishi Gas Chemical Co. Inc., Tokyo,
Japan). The surface of resulting cells was swabbed with a cotton
chip and the cells were suspended in Miiller-Hinton broth.
After incubation at 37°C for 13 h, the cell concentration was
adjusted to 10® cells/mL by diluting with PBS. A 1 mL aliquot
of this suspension was transferred to a microtube; then CFDA
was added to the microtube at 150 ppm. Successive procedure
for CFDA staining was performed as described above under
aerobic condition because air exposure for no longer than 1 h
caused no inhibition effect on their CFP.

Cell Sorting

The CFDA-stained cells were applied to a fluorescence-
activated cell sorter (FACSAria IT; BD Co.). The CFDA-stained
cells were excited by a blue laser at 488 nm. The cell sorting
gate was searched for by repeating trial and error based on the
two criteria: structural properties and CFDA stainability. The
structural properties of each cell were automatically plotted on
an FSC-SSC flow cytogram, while CFDA stainability of each
cell was displayed as a histogram of fluorescent intensity versus
number of cells. A cell population within a region indicated on
these two flow cytograms was selected and sorted on a TSA
plate of 86 mm in diameter. The TSA plate was set on an

Figure 4. Detection of a single cell immediately after sorting.

(A) 5 x 5-well plate devised on a slide glass (2.5 7.5 cm?);

(B) microscopic view of a droplet; (C) fluorescent microscopic view
of the droplet; (D) merge of B and C; and (E) magnified image of a
single cell. A fluorescent point was found at the arrow in (C) and (D).

automatic stage installed in the cell sorter. The automatic stage .
was driven so that 100 cells could be sorted into a 10 x 10 grid
pattern of spots at 1 cell/spot. After sorting, the TSA plate of
every strain except Campylobacter spp. was incubated at 37°C
in an incubator (SLI 600ND, Tokyo Rika Kikai Co. Ltd, Tokyo,
Japan). C. jejuni and C. coli were incubated at 37°C under a
microaerophilic atmosphere, described above. After incubation,
the number of colonies was counted. The colony-forming rate
(CFR) was determined by the following equation:

CFR =100 x N/Ng (%)

where Ny was the number of sorted cells and N was the
number of colonies. In this study, N, was 100 and, therefore,
CFR = N (%). Experiments were repeated three times for
respective conditions.

Results

Colony-Forming Pattern

Single-cell sorting was performed on a grid of 10 x 10 spots
on a TSA plate for each strain. In many cases, the colony size
within each plate was uniform, which might indicate that
single-cells with uniform properties were sorted at every spot.
The culture time was 18 h for every strain except the following
three strains: culture times for B. subtilis and two strains of
Campylobacter spp. were 12 h and 48 h, respectively. Typical
examples of colony-forming pattern are depicted in Figure 1.

Optimum Sorting Gates for Respective Strains

E. coli ATCC 8739 cells emitted slight fluorescence
without staining (Figure 2Aa) that was thought to be intrinsic
fluorescence; this fraction was designated as P1. After CFDA
staining, the cells emitted much more intense fluorescence
(Figure 2Ab). The fluorescence intensity range was divided

- 87 -



482 MATSUOKA ET AL.: JOURNAL OF AOAC ’INTERNATIONAL Vor. 97, No. 2,2014

into P1, P2, and P3 fractions. The cells in the P2 fraction
were regarded as properly. stained cells, and the first gate for
cell sorting was set as P2. A narrow area in the FSC-SSC flow
“cytogram was defined by a closed circle and set as the second
 gate, designated as P4. The P2 and P4 combined gate condition
was optimized so that CFR could be 95% or higher. Under the
optimized condition (yellow points in-P4 in Figure 2Ac¢), CFR
exceeded 95%. The relative number of yellow points in this P2
and P4 combined gate was only 4.9% among all sorted cells.
However, this small population was thought to be a uniform
cell group with uniform CFP. E. coli K-12, K. pneumoniae,
E. aerogenes, and C. coli showed similar flow cytograms to that
“of E. coli ATCC 8739..The optimum combined gates for these
strains could be determined in the same way.
Figure 2B-E depict the results of C. freundii, M. luteus,
S. aureus, and Enterobacter agglomerans, respectively. Their
flow cytograms of CFDA stainability (Figure 2Bb, Cb, Db, and
Eb) were different from that of £. coli ATCC 8739. However,
the optimum condition of the second gate designated as P3
(m Figure 2Bb; Cb, and Db) or P4 (in Figure 2Eb) could be
determined so that CFR was 95% or higher.

In summary, the center pomts of the optimum sorting gate for

respec‘uve strains are plotted in Figure 2F. These center points
are localized inside an oval leaning about 40 degrees versus the
- FSC intensity axis. This result suggests that the center points of
the optimum sorting gate for any strains might also be located
inside this oval. Therefore, it is recommended to start a search
for the optimum sorting gate for any other strains from this oval
area.

Colon y-Forming Rates

The CFR of every strain attained under the optimum gate
condition is shown in Figure 3. Every CFR value became 95%
or higher levels. In the case of E. coli ATCC 8739, for instance,
the colony count data were 99, 98, and 98 colonies/100 spots.

. Therefore, the CFR was 98.3+0.6%. In the case of K. pneumoniae,

the colony count data were 100; 100, and 100 colonies/100 spots.
Therefore, the CFR was 100+£0%. g

Discussion

The number of cells sorted at a single spot was assumed to be
one or zero. This performance level of the cell sorter is thought
* to be a matter of course; however, the sorted matter is actually
a single particle and not two or more particles by accident,

- Therefore, we checked the sorted particle(s) by mlcroscopy

immediately after sortmg

A5 x 5-well plate was devised for this purpose (Flglre 4A),
and a single droplet was sorted into each well. Shortly after
sorting, each droplet was observed with a fluorescence
microscope. The droplet size was about 100 pm in diameter
(Figure 4B). In each droplet, a single fluorescent point could
be detected (Figure 4C and D); this point was recognized as
a rod-like cell (Figure 4E). Among all the droplets checked
in this way, every one contained a single fluorescent particle
of a similar size and shape. Therefore, single-cell sorting was
performed as expected :
- In this study, CFDA was used as a probe for viable cells.
The cell membrane is permeable  to. CFDA. Only in Vlable
cells, CFDA is hydrolyzed to generate a fluorescent derivative;

6-carboxyfluorescein (CF), by intracellular esterase. Both
CFDA and.CF are nontoxic to the cell (11); therefore, viable
cells may be stained without loss of cell viability. However,
the intensity of CFDA stainability was different among strains
(Figure 2). There was also an occasion that a single strain such
as Enterobacter agglomerance showed two peaks of fluorescent

intensity (Figure 2E). We investigated the dependence of CFDA

stainability intensity on CFR, but no clear relationship was
found. Consequently, the optimum gate for CFDA stainability
was determined empirically, although there was no hmxtatlon of
CFDA application in the strains used here.

We expect- that. CFDA . can ‘be applied to many other
strains, However, to develop a general platform for whatever
strains it should be necessary to find other fluorescent
probes. From this viewpoint,  a fluorescent glucose such as
2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-
D-glucose (2NBDG) is promising. It can be taken up only
by viable cells of microorganisms (16, 17) and animals (18),
supposedly via glucose transporters. The use of 2NBDG alone
or in combination with its antipode, 2-[N-(7-nitrobenz-2-oxa-
1,3~diazol-4-yl)amino]-2-deoxy-L-glucose (2NBDLG; 19) or
its derivative of different fluorescent color would be feasible
for the viable or dead dlstmctlon by a different principle from
that of CFDA.

From the viewpoint of broad applicability, the successful
application to Campylobacter spp. was exciting. This supports
the usefulness of TSA, which is a nonselective medium and
can therefore support the repair processes of ‘injured cells.
Campylobacter cells partially injured by air exposure stress and
hydrodynamlc sheer stress during cell sorting miglht be repaired
by TSA. These suggest a possibility of further extension to other
bacteria more susceptible to acrobic conditions. Moreover, it
may possibly be extended to anaerobic bacteria by facilitating
the CFDA attaining and cell sorting procedures. This should be
a future challenge. ‘

Finally, we emphasme that the present ﬂow cytometrlc
method may provide an experimental clue to study about one of

‘the most substantial subjects in microbiology: the homogenelty
~and heterogenelty of colonies.
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CE1 RIMEREREE (R 5 ng /g 1K)

4 HE

1 86.8

1HH 2HH 3HE 58 E

) @) ON @ D @) @ @ @ @
EEE ‘ ‘ |
(ngle) 4.0851 | 4.3417 | 4.2972 | 4.3560 | 2.9823 | 2.8705 | 3.3398 | 3.4817 | 2.2201 | 1.9329 |
ENER(%) | 81.7 1859 |87.1 59.6 |57.4 |66.8 |69.6 |44.4 |38.7
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#2 BREBERILOOWHE(EER T mz1171—1126, F OMIIRERF)

1171—1126 1171—357 1171—314 1171172
(m/2) (m/2) (m/2) (m/2)
YN NC v— 7 B B— 7 B v— 7 R v R
WME N=1 | 2.80 3.36 3.38 3.47
FINEY N=2 |  2.66 2.99 2.96 3.03
WNEN N=3 |  2.72 3.07 3.06 3.13
*Eli{i : nglg
ERIE KR ERE  BER0.2~10 ng/mL % f# )
*-3 *’“L’Eg%c & OENRGERAIL m/z1171—1126, Z O A)
1171—1126 1171357 1171314 1171172
‘ (m/2) (m/2) (m/7) (m/2)
A NC — — — —
WOE N=1 | 55.9 67.2 67.6 69.4
VIIEL N=2 | 53.1 59.8 59.2 60.6
FMEY N=3 | 54.4 61.4 62.6

sk BAT(%)

61.1
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2) RERM

HPLC ©#—#&—Xft ACQUITY UPLC

T A Zorbax Eclipse XDB-C18 (£ 2.1 mm, £ & 50 mm, $IF£E 3.5 pm)
BEMARE (mL/min) | 0.20

FEAE (uL) 10

BT LEE (C) 50
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A¥E 2 0.1vol% FER+10 mM FEET > = LKIEHE
B : AZ =)V

7o N

0 min (A:B=20:80) — 2~10 min (A:B=5:95) —
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MS 4 —# — X%t Quattro Premier XE
HEE— R SRM
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23, 800 L/Hr

a—2H A

€3, 50 L/Hr

aYyJagHA

%=

EEA TV (mk)

MS/MS: 1170.4—1126.0 [56 (V). 42 (eV)]

EEA A (m/2)

MS/MS: 1170.4—171.7 [56 (V). 96 (eV)]

MS/MS: 1170.4—356.8 [56 (V). 65 (eV)]
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2. H@m@fwﬁ W%

1) SN
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