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The National Culture Collection of Pathogens (NCCP) is a
microbial resource bank in Korea that collects pathogen re-
sources causing infectious disease in human and distributes
them for research and education. The NCCP bank attempts
to discover strains with various characteristics and specific
purposes to provide diverse resources to researchers. Staphy-
lococcus aureus American Type Culture Collection (ATCC)
6538P is used as a reference strain in the microbial assay for
antibiotics in the Korean and in the United States Pharma-
copoeias. We aimed to analyze domestically isolated microbial
resources from the NCCP to replace the S. aureus reference
strain. Staphylococcus aureus strains were identified using ma-
trix-assisted laser desorption/ionization time-of-flight mass
spectrometry and the VITEK-2 system and characterized by
multilocus sequence typing, 16S rRNA sequencing, and anti-
biotic susceptibility testing. Several candidate strains had si-
milar characteristics as the reference strain. Among them, the
nucleotide sequence of the 16S rRNA region of NCCP 16830
was 100% identical to that of the reference strain; it was sen-
sitive to six types of antibiotics and showed results most si-
milar to the reference strain. A validity evaluation was con-
ducted using the cylinder-plate method. NCCP 16830 pre-
sented valid results and had the same performance as ATCC
6538P; therefore, it was selected as an alternative candidate
strain.
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microbial characteristic, Staphylococcus aureus

Introduction

After adopting the Protocol on Access to Genetic Resources
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and Profit Sharing in Nagoya, access to genetic resources has
restricted; furthermore, financial or non-monetary profits
must be shared when selling products produced from genetic
resources (Buck and Hamilton, 2011). The health industry,
such as pharmaceuticals and cosmetics, depends heavily on
foreign genetic resources. Therefore, some countries includ-
ing Korea incur additional costs arise in some countries, and
they and are continuously discussing measures to reduce these
costs. The Korean Pharmacopoeia (KP) contents are derived
from the United States Pharmacopeia (USP) and are almost
identical. The pharmacopeia contains general test methods
for analyzing the safety of preparations and containers for
use and includes methods involving microbial resources
currently in use. The test reference strain must be used from
specific resource banks, including the American Type Culture
Collection (ATCC), which is also the case in Korea. For this
reason, Korea has to pay for difficult procedures of import-
ing and utilizing foreign strains and economic cost. However,
suppose the characteristics of the microbial resources iso-
lated from Korea are investigated and found to be function-
ally identical to those of the currently used microbial resources
currently in use. In that case, these could be used in test me-
thods instead of, for example, the ATCC 6538P reference
strain, which is used in the pharmacopeia for the microbial
assay for antibiotics. Thus, we characterized numerous strains
in this study to identify a Korean strain that could be used as
a reference instead of the ATCC strain. Molecular biology
analyses and biochemical identification were carried out us-
ing matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS) and VITEK-2. The
sensitivity of candidate strains to the major antibiotics was
confirmed using the disk diffusion method according to the
Clinical and Laboratory Standards Institute (CLSI) guidelines.
In addition, genotyping was carried out using multilocus se-
quence typing (MLST) analysis. After sequencing the 16S
rRNA, the homology was compared between the reference
strain and alternative candidate strains was compared. The
homology between the entire genomes was also investigated
using whole genome analysis through next-generation sequ-
encing (NGS). After characterizing various candidate strain
factors, the strains with the most similar characteristics were
selected and used in the actual test method. We confirmed
that these strains could be a substitute for the ATCC refer-
ence strain. The candidate strains selected through such a
survey method could be included in the KP. This would re-
duce the money and time spend on importing microbial
resources.
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Materials and Methods

Strain isolation

Staphylococcus aureus ATCC 6538P is a representative re-
ference strain used in the microbial assay for antibiotics a
general test method in the KP. This strian was purchased
from ATCC (Connolly et al., 1994). Alternative candidate re-
sources included strains clinically isolated strains in Korea
and resources collected by the National Culture Collection
of Pathogens (NCCP). These strains were isolated and col-
lected from the three local base banks of the NCCP (Jeonbuk
National University, Kyungpook National University, and
Gyeongsang National University); they originated from blood,
urine, feces, the vagina, and cotton swabs scraped from the
mucous membranes. Before registering a collected strain in
the NCCP, the strain is assigned a management number, com-
bined with a local bank number and specific P-code value,
is assigned to the strain, and when it is officially registered in
the bank, it is assigned a specific NCCP number. The NCCP
has collected S. aureus strains. Because of the large number of
S. aureus candidate strains, 30 strains were randomly selected
based on their clinical information, including the region from
which they were isolated, the age of patients, source of sep-
aration, and separation date. Strain NCCP 16830 was iso-
lated from the urine of a patient in Kyungpook National Uni-
versity (KBN) Hospital in Daegu, Gyeongsangbuk-do, South
Korea (35°51'58.7” N, 128°36'16.1” E). Information on S.
aureus NCCP 16830 was obtained from literature and the
GenBank database (Accession CP043844; http://www.ncbi.
nlm.nih.gov/genbank/) and was registered with the NCCP;
the NCCP number was received after the completion of the
experiment. The strains were grown on 5% sheep blood agar
plates at 37°C for 24 h and preserved at -80°C in 10% glycerol.
Staphylococcus aureus ATCC 6538P is used in the microbial
assay for antibiotics in the KP and USP. The test was con-
ducted using the cylinder-plate method by growing S. aureus
in a plate containing neomycin sulfate.

Identification

For bacterial identification, the morphology of the colony,
including color, and hemolysis type, was confirmed. MALDI-
TOF MS analysis was performed using Biotyper software
(BrukerDaltonik) to identify bacteria (Singhal et al., 2015).

Biochemical and molecular characterization

(i) To analyze the biochemical reactions and experiments
were performed according to the manufacturer’s manual

using a VITEK 2 GP card (bioMérieux) (Delmas et al., 2008).
The susceptibility or resistance of the strains to antibiotics
was assessed using the disk diffusion method, according to
the CLSI guidelines (CLSI, 2019).

(ii) Homology of the 16S rRNA sequence was confirmed by
global alignment (National Center for Biotechnology Infor-
mation, NCBI) of the 16S rRNA sequence of each reference
strain and candidate strain (Lane, 1991; Chun et al., 2007).
The results are shown as percent homology.

(iii) MLST was performed according to the method described
by Enright et al. (2000). The allele sequences of seven genes
were compared using the Pubmlst.org database, and the num-
ber of alleles was determined. The sequence number (ST) was
determined by combining the allele numbers of the seven
genes (Enright et al., 2000).

Whole genome analysis using NGS

NGS was performed using PacBio RSII (Pacific Biosciences)
and Ion S5 (Thermo Fisher Scientific) to analyze the homo-
logy of the full-length sequence was analyzed using the Ortho-
ANI program (Lee et al., 2016). Multiple sequence alignment
was performed using Mauve aligner for genome structure
analysis (Darling et al., 2004). Sequences were subjected to
de novo assembly using the Hierarchical Genome Assembly
Process 3 and FALCON, and the final whole genome sequ-
ence was determined by correcting sequencing errors using
Proovread (v2.14) for parts of the contig with a low sequence
quality. The complete nucleotide sequence and genome meta-
data of each strain have been registered with the NCBIL

Validity testing

The General test which is one of the components of the KP,
describes common test methods, reagents, and test solutions,
standard solutions and containers for the drugs listed in the
formulary. The cylinder-plate method, Standard curve me-
thod, and Turbidimetric methods are used for the assay of
individual monograph. The five plates that have been tested
are considered as a group (Fig. 1). One plate was divided into
four fractions, and the cylinder place at the center of one
fraction. In the four cylinders, low and high concentration
standard solutions were and low and high concentration sam-
ple solutions are injected and incubated. After culturing, mea-
sure the diameter of the growth-inhibiting zone where mi-
croorganisms do not grow by antibiotics based on the cylin-
der was measured. The results were calculated and derived
according to the titer calculation method presented in KP’s
test method.

Strain number

Fig. 1. The validity test for Staphylococcus aureus

group (5 plates)

ATCC 6538P

NCCP 16830

e

using the cylinder-plate method. This figure is the
result of usability evaluation by applying the cylin-
der-plate method. The four circles you see inside the
plate are where the cylinder used to be. When an an-
tibiotic is injected into the cylinder and then cul-
tured, the growth of microorganisms is suppressed
and a clear zone is formed. Calculate the antibiotic
titer by measuring the size of this clear zone.
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Validity test confirmed that the performance is similar be-
tween the two strains by experimenting using a reference
strain and a strain isolated from Korea as a bacterial suspen-
sion in these test methods. Validity test was also conducted by
the cylinder-plate method. All experiments were performed
according to the general test and quantification methods of
KP. The average titer was calculated from five plates in one
group, and the same experiment was repeated 10 times to
obtain the average value of all experimental values. The effec-
tive range was established by calculating + 2 standard devi-
ations (SD) from the mean titer of the reference strain. The
average titer of the candidate strain was calculated to con-
firm that it was within the effective range. The effective range
criteria for deriving the results were established according
to the method stipulated in the R&D report of the Korean
Ministry of Food and Drug Safety in Korea in 2018.

Results

Phenotype and characteristics

(i) AlL S. aureus strains formed yellow colonies with diameter
of less than 0.5 mm in diameter and showed p-hemolytic
activity. Thirty NCCP S. aureus candidate strains and ATCC

Table 1. Results of Staphylococcus aureus identification and characterization

189

6538P were identified as S. aureus using MALDI-TOF MS
with a score of 2.0 or higher (Table 1). The VITEK-2 analysis
was performed to characterize and identify the strains, the
30 candidate strains, two were identified as S. aureus with
95% accuracy, one with 97%, two with 98%, and 25 with 99%
accuracy (Table 1).

(ii) MLST was performed for all the strains, including the
reference strain. Results were only obtained for only 21 can-
didate strains and the reference strain. ATCC 6538P had an
ST of 464, and none of the candidate strains had the same
ST number (Table 1).

(iii) Global alignment was performed using the 16S rRNA
sequence of the reference strain and each candidate strain;
the genetic homology between the strains was compared and
expressed as a percentage (%). Sixteen strains had 100% ho-
mology to the reference strain (Table 1). The reference strain
and the 30 randomly selected candidate strains were iden-
tified and characterized, and the experimental results were
compared. Among the strain numbers in Table 1, NCCP num-
ber indicates a registered resource with the bank, and KBN
number indicates a resource that has been collected and held
but not yet registered.

(iv) The susceptibility and resistance to six antibiotics of the
16 strains showing 100% 16S rRNA homology were con-
firmed using the disk diffusion method. The reference strain

Sample number Morphological shape

MLST (ST no.) MALDI-TOF (score value) VITEK-2 (%)

16S rRNA similarity (%)

ATCC 6538P

KBN10P00169
KBN10P00172
NCCP16830

KBN12P00057
KBN12P00073
KBN12P00101
KBN10P00529
KBN10P00548
KBN12P00577
KBN12P00582
KBN12P00600
KBN12P00602
KBN12P00609
KBN12P00622
KBN12P01374
KBN12P01369
KBN12P01343
KBN12P02380
KBN12P02382
KBN12P02401
KBN12P02402
KBN12P02409
KBN06P01503
KBN06P01542
KBNO06P01593
KBNO06P01660
KBNO06P01716
KBN06P01783
KBNO06P04841
KBN06P04845

Gram-positive cocci,
0.5 mm in diameter, yellow,
sporulation negative,
B-hemolysis positive

464

72
72

72
72
72
188
1

15

IS

188
72
72
72
97
72
72
72
72

5
72

2.512 99 =

2.407 99 100.00
2550 99 100.00
2.442 99 100.00
2.381 99 99.87
2.311 99 =

2311 99 100.00
2.266 99 99.87
2.456 98 99.93
2.488 99 100.00
2.442 99 99.93
2.465 99 100.00
2.346 99 99.87
2.297 99 99.93
2.558 98 99.93
2.562 99 99.93
2.441 99 100.00
2.591 99 99.93
2331 99 100.00
2.562 99 99.93
2.358 95 100.00
2.470 97 99.93
2.329 99 100.00
2.426 99 -

2.431 95 100.00
2.499 99 100.00
2417 99 100.00
2.467 99 100.00
2.442 99 100.00
2.386 99 100.00
2.434 99 99.93

ST no., sequence type number.
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Table 2. Antibiotic susceptibility testing using the disk diffusion method

Table 3. Validity evaluation results and effective range

Antibiotic
Strai b ithro- - Clinda- -
Fe et A21th'ro Eryth.ro Chn(%a Oxacillin Cefoxitin C¢Pt
mycin mycin  mycin micin

ATCC 6538P S S S
NCCP 16830 S
KBN12P00600 S
KBN06P01542 R
KBN06P01593 R
KBN12P02401 S
KBN12P02409 S
KBN10P00169 S
KBN10P00172 S
KBN12P00101 S
S
R
R
R
S
S
S

w
w

KBN06P01660
KBNO06P01716
KBN06P01783
KBN06P04841
KBN12P00577
KBN12P01369
KBN12P02380

Vv n™H YLy n ™™ ®»n
Vv n™E YLy n ™K ®»n
— o » P PHE LYK~ » v »n™En »n
T BRI R oo IIEIRIIRAAI A
Vv vy nHP™ LN ™ P v n»n

R, resistant; S, sensitive.

ATCC 6538P showed sensitivity to all the six antibiotics tested
(azithromycin, erythromycin, clindamycin, oxacillin, cefoxitin,
and gentamicin). The candidate strains NCCP 16830 and
KBN12P00600 showed the same results. The final candidate
strain was selected based on its usefulness (Table 2).

Validations

The average titer was obtained 10 times using the microbial
assays for antibiotics with ATCC 6538P and by measuring
the size of the obtained clear zone. The calculated average
titer was 116.62%, and with an SD of this titer was 12.28%.
Therefore, the set effective range was 92.059% < average titer
of candidate strain < 141.178%. The average titer obtained
from the 10 replicates of the candidate strain NCCP 16830
was 120.34, and the average titer of KBN12P00600 was 355.41.
Thus, the average titer of NCCP 16830 was within the effec-
tive range, but the average titer of KBN12P00600 was not
within the effective range (Table 3).

Comparative genomics

Complete genomic sequences of ATCC 6538P and NCCP
16830 have been registered with GenBank under accession
numbers CP041746 and CP043843, respectively. The full-
length sequence homology between the reference strain and
the alternative candidate strain was analyzed using the Ortho-
ANI program. The sequence similarity of sequences between

Neomycin sulfate titer (%)

Experiment number

ATCC 6538P NCCP 16830

1 130.5822 123.8903

2 119.3446 127.4353

3 94.68126 110.2635

4 121.7437 116.2017

5 103.8965 113.6195

6 129.1561 117.5756

7 127.4382 113.9225

8 114.8647 120.9919

9 103.0279 124.3137

10 121.4486 135.1476

Average titer 116.6184 120.3362

Standard deviation (SD) 12.27981 7.535702
SD*2 24.55963 -
Average titer - 2 SD 92.059 =
Average titer + 2 SD 141.178 -

ATCC 6538P and NCCP 16830 sequences was 99.00%. The
reference and candidate strains consisted of five structural
blocks, and the nucleotide sequence within the block was well
preserved, as shown in Fig. 2. There was an additional genomic
region in the 1,980-2,020 kb of strain NCCP16830. This in-
sertion is not found in the reference genome. The major ge-
nomic difference was composed of 34 CDS with 18 hypo-
thetical genes and one pseudogene.

Discussion

The safety of ingredients or containers during the develop-
ment and production of food and pharmaceutical products
is evaluated using country-specific certification tests. The test
products must pass established standards, including experi-
ments using pathogenic microorganisms. The pathogenic
microorganisms used in these tests should be obtained from
a specific microbial bank; the KP also states that foreign re-
source banks, such as the ATCC, should be used to procure
these microorganisms. The contents of the KP were com-
piled from the USP. Although the test methods stipulated
in the pharmacopeias slightly differ by country, the methods
are partially annually for international harmony and export
expansion.

Several companies in Korea are conducting experiments us-
ing test methods and materials that meet these standards.
However, as there are no isolated microbial resources in the
country, reference strains must be imported. Furthermore,
the implementation of the Nagoya Protocol has complicated
the procedure for importing foreign strains has become more

S. aureus Fig. 2. Multi sequence alignment using

B1 B2 B3 B4 B5 Mauve aligner. Multi genome alignment

ATCC 5380 | I of NCCP16830 genome with the refer-
e B »— ence ATCC strain genome using Mauve

aligner. Linked colored blocks indicate the

B3 B1 B5 B2 B4 homologous segments in each genome.

neer 1ss20 Y Arrows show orientation of each segment.

—
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complicated, thereby increasing the time and cost required,
which burdens domestic researchers.

The USP states that it can be used replacement strains that
has been proven to be equivalent to a reference strain (United
States Pharmacopeia, 2020). Therefore, this study was con-
ducted to identify a strain from Korea with the same perfor-
mance as the existing reference strain, for utilization use as
a reference.

The most representative strain of S. aureus, which is used in
the microbial assay of antibiotics in the general test methods
of the KP and USP, is ATCC 6538P (Oh et al., 2009; MFDS,
2014). Characteristic comparative experiments were con-
ducted to replace the ATCC strain with NCCP strains isolated
in Korea. The results of the comparison between the reference
and candidate strains revealed that the morphological, bio-
chemical, and molecular characteristics of the strains were
the same. Moreover, whole-genome sequence comparison re-
vealed a high homology of 99%. While the sequence identity
of whole genomes between two strains is 99%, the inserted
region in the NCCP16830 genome was disclosed as the ma-
jor genomic difference was disclosed by MauveAligner and
COG analysis. In this region, the functions of 18 out of 34
genes were predicted their functions. Six genes were belonged
to six categories D, E, F, G, K, and M, respectively. Each two
of the eight genes were predicted to four categories, P, R, S,
and X. The last four genes were belonged to categories L.
Of these genes, five were distributed to the category Infor-
mation Storage and Processing, two to the category Cellular
Processes and Signaling, and 11 to category Metabolism. Fur-
ther detailed functions and impacts of these genes have to
be studied experimentally. However, even with the same char-
acteristics, the strain would not be qualified as an alternative
strain if the test results differed from those of the reference
strain.

This test method measured the antibiotic susceptibility titer
of drugs using microorganisms to meet the acceptance cri-
teria. Therefore, the microorganisms used should not be re-
sistant to antibiotics. Similar to the ATCC strain, NCCP 16830
was sensitive to major antibiotics, including neomycin sulfate
and the other antibiotics, used in the test; and it showed al-
most the same susceptibility titer as the ATCC strain.

Suppose a strain that presents the same performance as the
reference strain, such as NCCP 16830, is registered as an equi-
valent reference genome strain and researchers use it as an
alternative. In that case, the cost and time required to import
resources will be substantially reduced, and the degree of
foreign dependence will decrease.
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