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Define Spot Contamination Level SCL[k](t) as the level of virus contamination of a spot k at time ¢. Contamination level of
the spot in the certain time ¢ is the sum of virus excretion of agents in the spot and the contamination level of the spot at time

- 1)
SCLIK]() = Z AHL[{](£) + SCL{K](t — 1) x SSL[K](£) @
i€eSpotlk]

Where Spot Sterilization Level (0 < SSL[k](r) < 1) represents the effects of attenuation and sterilization on the certain
spot. The smaller the SSL, the more effective the protection measure is (See TABLE III).

ACLIi)(t) = ACL[i)(t —1) x AF [i)(t) + SCLIk](t) x VDI[k] 3)

Define Agent Contamination Level ACL[{](z) as the amount of virus that an agent i has absorbed from the spot k& where he
stands at the specific time ., where Attenuation Filter (0 < AF [i]}(f) < 1) represents the effect of attenuation protection on
infection (e.g., hand washing) (See TABLE III) and Virtual Density (0 < VD[k] < 1) represents the density of the spot & (the
bigger place, the smaller VD).

When an agent i at time ¢ absorbs a significant amount of influenza virus, he will be infected and his state will change from
susceptible to infected. The probability of agent i at the time ¢ to get infected is calculated as below.

plil(r) = 1 — exp[-PCIi](r) x ACL[i}(1)] C))

Where PC [i](¢) is the Physical Condition of agent i at time ¢ (0 < PC[i]() < 1). Physical condition depends on vaccina-
tion status, heath condition, age, and sex. The healthier agent (smaller PC), the smaller infection probability is. If the agent is
immune to the virus, PC is equal to 0, which means probability of infection is equal to 0.

Pathological transition of the disease is described in Fig. 3. Infection levels were categorized and defined into several states
below [20].

o State of “0” denotes pre-infection state (susceptible to infection).
s State of “1” represents state of infection. Agents stay in this state for 3 days. This is the incubation period of the disease.

o State of “2” is designated as infection state with apparent symptoms. The probability of changing state from “1” to “2”
is 0.8.

o State of “2m” represents the mild case of infection. The sequence 2m—3m—5—0i represents state transition of recov-
ering without apparent symptoms. The sequence 2—3—5—0i describes state transition of recovering with apparent
symptoms.

e State of “3s” denotes serious case of infection. The symptoms are severe influenza-like illness with cough or sore throat,
plus measured fever, shortness of breath and need for hospitalization.

o State of “4c” represents critically ill infection state. For patients in this state, clinical treatment in the hospital helps
them to recover. The sequence 4c—4m—5—0i describes the recovering route. Inpatients at the state of “5” are recom-
mended to discharge from hospital.
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Fig. 3 State transition of influenza-like illness with high contagion, high mortality and clinical pathway for infected patient
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Table I below describes the disease states and values of Agent Virus Excretion Level (AVEL). These values are assigned in
corresponding to definition of the disease states. It is believed that influenza virus can be transmitted from infected people to
others from 1 day before symptoms develop and up to 5 to 7 days after becoming sick (CDC).
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TABLE | DISEASE STATE DEFINITION AND VALUE OF AGENT VIRUS EXCRETION LEVEL (AVEL)

State Definition Fever AVEL
0 Not infected No 0.0
1 157 state Little 0.2
2 nd e High 0.6
2m 21d d state Little 0.4
3 37 gaie Little 0.6
3m 374 ild state Little 0.5
3s 37 serious state High 0.6
4c 47 critical state High 05
4m 47 ild state Little 0.5
5 Recovered state No 0.0
0i Recovered with immunity No 0.0
D Death No 0.0

I11. SIMULATION PARAMETERS

Simulation parameters are summarized in TABLE I1. However, these parameters can be changed to adapt to any community
and hospital. Simulation is executed in 30 days and repeats 30 times. The simulation program generated 30 files of each log files.
The log files contain information on each agent and each spot at each hour in 30 days. The information on each agent included
name, job, disease status, immunity status, influenza virus contamination level, probability of infection, etc. The information on
each spot included the level of contamination. Simulation log files also included the numbers of outpatients, inpatients, number
of infected HCW, number of visitors, list of infected HCW, list of contacts of each agent, etc.

Preventing transmission of influenza virus within healthcare settings is important for hospital management. Spread of in-
fluenza virus can occur among patients, HCW, and visitors; in addition, HCW may acquire influenza from persons in their
household or community. The fundamental elements of nosocomial influenza infection control include influenza vaccine cam-
paign, respiratory hygiene, monitoring HCW’s health, droplet precautions, hand hygiene, environment sterilization and managing
visitor access and movement within the facility [18].

Values of parameters for infection control measures are shown in TABLE HI. Vaccinating children, adolescents, and young
adults seems to be an appropriate vaccination strategy to reduce morbidity of the disease [21]. Based on studies of efficacy
comparison of several hand hygiene products [22] and masks [23], we set values for hand hygiene and droplet precaution control
measures. Biological efficacy and rate of recontamination (parameter SSL) is adopted from [24].

To study the impact of infection control on nosocomial infection, we vary parameters of infection control in 4 scenarios.
Parameters for the four scenarios are summarized in TABLE IV. High Control and High Vaccine scenario represents for the
circumstance of hospital with high resource of infection control and vaccination rate in the community is high. Scenario of Low
Control and Low Vaccine represents the circumstance of hospital with low level of infection control and vaccination rate in the
community is low.

Since simulation model is an abstraction of the real world, each parameter setting corresponds to the set of assumptions made
by the model. The strength of simulation is that it can simulate the real world as in a variety of circumstances. Experiments can
be set up and repeated many times, using a range of parameters. Those parameter changes can be made by using experi-
mental setting function of SOARS [16].

TABLE I DESCRIPTION AND VALUE OF SIMULATION PARAMETER

Simulation parameters

Simulation time 30 days
Simulation replication 30 times
Time step 10 min
Log time 1 hour

City population structure

Total population 10,000 people
Age distribution Proportion
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Child: 0- 4 y/o 8.5%
Teenager: 5- 14 y/o 16.5%
Adolescent: 15-19 y/o 10.2%
Adult: 20- 34 y/o 26.0%
Middle-aged: 35-59 y/o 29.9%
Elderly: Over 60 y/o 8.9%
Hospital structure
Number of doctors 7
Number of nurses 8
Number of beds 28
Number of outpatient Average of 60/day
Number of visitor Average of 20/day

TABLE [l DESCRIPTION AND VALUE OF INFECTION CONTROL PARAMETER

Vaccination Target

(Probability of vaccination)

Child

Teenager
Adolescent
Adult
Mid-aged
Elderly

03
0.5
02
0.2
0.15
0.1

Vaccinated Population

(Probability of vaccination)

High 20%
Medium 10%
Low 5%
Mask wearing (Value of VEP )
No mask 1.0
Surgical mask 0.5
N95 mask 0.1
Hand Hygiene (Value of AF )
Soap and water 0.62
Alcohol-based hand rubs 0.73
No treatment 1
Environmental Infection Control (Value of SSL)
No cleaning 0.6
After cleaning 04
After HPV decontamination 0.03

Monitor and Manage Il1
Healthcare Personnel

Not to go to work, or if at work, to stop pa-
tient-care activities, leaving work.

Patient Isolation Policy

Isolate critical influenza patients from patients
of other diseases and from visitors.

Patient Isolation Policy

Isolate critical influenza patients from patients
of other diseases and from visitors.

Manage Visitor Access

Limit visitors” access. Check visitors’ temper-
ature before entering the hospital.

TABLE IV INFECTION CONTROL PARAMETER OF FOUR SCENARIOS

Scenario Name A C D
Infection Control High Control High Control Medium Control Low Control
Vaccinated Population High Vaccine Medium Vaccine Low Vaccine Low Vaccine
Hand Washing Soap and water Soap and water Alcohol-based hand rubs No
Mask N95 Surgical No
Patient Isolation Yes No No
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Cleaning Yes Yes Yes No
HPV Decontamination Yes Yes No No
Vaccinated Population 2000 (20%) 1000 (10%) 500 (5%) 500 (5%)

I'V.SIMULATION RESULTS

We demonstrate simulation results by macro and micro analysis. In micro analysis, the number of infected patients and
health care workers are observed in one month. Macro analysis is performed by calculating of the amount of virus in spots and
in agents, respectively.

A. Macro Analysis
a b
Number of infected patients by scesario Number of infected HCW by scenario
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Fig. 4 Variation in average number of infected patients and health care workers (HCW) over time in the four scenarios

The aggregate number of infected patients and HCW are displayed in Figure 4a and Figure 4b, for each scenario A, B, C,
D. In Figure 4a, the number of infected patients increases rapidly from 168 in scenario A and 198 in scenario B to 377 in sce-
nario C and to 630 patients in scenario D. The relative standard deviations differ from one scenario to another, but converge
around 10% in 30 days. The number of infected patients shows an increasing trend after 30 days, however with a considerably
lower speed as compared to the high increasing rate at the early stage of the simulation. The infected rate among outpatients for
each scenario A, B, C, D is 9%, 11%, 24% and 39%, respectively (the average number of outpatients in scenario A, B is 1800
and in scenario C, D is 1600, respectively). Note that the simulation model counts the number of people who are infected within
the whole hospital, so these ratios indicate the infection risk level for every patient who is present at the hospital.

In Figure 4b, the average number of infected HCW increases dramatically from 0 and 1 in scenario A and B to 15 and 16
in scenario C and D. The relative standard deviations of number of infected HCW in scenario A and B were not calculated
(since the average number is between 0 and 1). The relative standard deviation of number of infected HCW in scenario C and
D converges at 14% and 17%, respectively. The number of infected HCW sees an exponential increase in scenario C and D
within 2 weeks but levels off afterwards. The infection rate among HCW is 0%, 3%, 50% and 53% in scenario A, B, C and
D, respectively. The simulation results imply that infection control plays a significant role in protecting HCW from nosocomial
influenza infection.

To shed more light on which infection control has the most impact on preventing nosocomial influenza in HCW, we have
simulated three more scenarios. In these scenarios, same low vaccination rate (3%) was set. In scenario E, high infection control
measures were implemented. In scenario “E — washing hand” and “E — wearing mask”, staff washing hand and wearing
mask were excluded, respectively. The number of infected HCW in each scenario is shown in Figure 5. The result shows
that staff washing hand combining with wearing mask could significantly reduce the number of infected HCW.

Although washing hand and wearing mask control measures were recommended worldwide, the extent to which these
measures can help prevent influenza transmission has not been firmly established. Recent studies have evaluated the efficien-
cy of those control measures [25, 26]. The authors agree with the suggestion that use of masks should always be paired with
regular hand washing. In the circumstance of limited vaccine availability, using surgical mask and washing hand with soap,
which are relatively inexpensive and practical, could be a good strategy in nosocomial influenza infection.
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TABLE V INFECTION CONTROL PARAMETER OF ADDITIONAL SCENARIOS

E — wearing mask

Scenario Name E E — washing hand
Hand Washing Soap and water No Soap and water
Mask Surgical Surgical No
Patient Isolation Yes Yes Yes
Cleaning Yes Yes Yes
HPV Decontamination No No No
Vaccinated Population 300 (3%) 300 (10%) 300 (3%)
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Fig. 5 Variation in average number of infected health care workers (HCW) over time in scenario E,
scenario E with no staff washing hand and scenario E with no staft wearing mask.

B. Micro Analysis
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Fig. 6 Variation of Virus Contamination of areas in the hospital in scenario A

In section I1.B, we have demonstrated the algorithm to calculate the amount of virtual influenza virus existing in spot and
agent. Spot Contamination Level (SCL) at the certain time t is the sum of total amount of virus excretion of agents in the spot
and the contamination level of the spot at time (¢ — /). It depends on the number and the disease condition of infected agents
existing in the spot. Figure 6 shows the average contamination level of Ward area, Administration area and Staff area in sce-
nario A of High Control and High Vaccine. The results show that the Ward area is the most contaminated.
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The Administration area ranks the second while the Staff area is almost clean. The result implies that wards in hospital are
likely to be contaminated with influenza virus when an outbreak of influenza emerges in the community.
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Fig. 7 Variation of virus contamination level of HCW in a working day in scenario A

Agent Contamination Level ACL[i](¢) is the amount of virus that an agent i has at the specific time ¢. Figure 7 describes the
average virus contamination level of doctors, nurses and other staff in working time in 20" day when the number of inpatients
reaches its peak in the scenario of A [High Control High Vaccine]. The average virus contamination level of doctors and nurses
are higher than those of other staff. This could be explained by the fact that doctors and nurses work in ward area more than
other staff. Sharp drops recorded in the contamination level among HCW strongly correlate with daily routines of the HCW
concerned. The virus contamination level of doctors and other staff falls to their troughs at the time of lunch break (from 13:00
to 14:00). The virus contamination level of nurses also decreases rapidly when they change their shift and leave the hospital.

The conclusion of micro analysis is that doctors and nurses, who provide direct care to influenza patients have higher risk
of catching influenza virus within the hospital. This conclusion supports long-standing belief in hospital infection control that
annual influenza vaccination should be required for every health care worker who has direct contact with patients.

Fig. 8 Visualization of contact network in scenario D
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V. ANALYSIS ON CONTACT NETWORK

We analyze the contact network, which is generated by interactions of agents in the simulation of scenario D. We assume that
once two agents come into the same spot, one contact is made between them. Each agent carries a contact list of agents who
are in the same spot with him at the time z. The contact lists vary by time when agents are moving inside the hospital. The log
of contact lists is converted to .csv file in order to be imported to Gephi [27], an open source graph visualization software.

Figure 8 illustrates the visualization of contact network, which we call “risk graph”. Each node in the graph represents an
agent in the simulation model. Lines in the graph illustrate aggregate of contact between agents the simulation of scenario D. The
thicker the line, the more frequent contact between the agents has been made. The size of the node is proportional to the degree,
which indicates amount of contact that he had made. The layout of the graph is Force Atlas, in which the connected nodes are
attracted into the center of the graph and unconnected nodes are pushed out off the outside.

Visual conclusions of the risk graph:

+ The dispenser, the clerk and the examiner (there is only one dispenser, one clerk and one examiner in the hospital)
nodes are the three biggest nodes (in degree). It implies that the three heath care workers have made the most contacts
with patients. However, most of the contacts were made with outpatients, so the nodes represent them are pulled out off
center of the graph.

¢ Nodes that represent nurses, doctors and inpatients are attracted into the center of the graph (Figure 9). It implies that
frequent close contacts were made between them.

Figure 9 shows the center of the risk graph, in which close contacts between doctors, nurses and inpatients are illustrated. The
nodes, which are marked by blue explosion shapes, represent health care workers who have been infected during the simulation.
We can see that those agents are at the center of the risk graph and have frequent contacts with inpatients. The nodes, which
represent doctors, and nurses who have been infected during the simulation arose on top of the list of nodes in descending
order of degree. However, the dispenser and the clerk were not infected, even though nodes representing them have a high de-
gree. It can be explained that most of the contacts they made were with outpatients, so their risk of infection was low. The risk
can also be evaluated by Spot Contamination Level of the place that the two staff were working in Figure 6. The Figure shows
that staff area and administration area where the two staff work are less contaminated than ward area. It means that infection
risk of those staff is lower than that of nurses who mostly work with inpatient in ward area.

Several conclusions can be drawn from the analysis on risk graph:
« Two nodes are spatially closer if they have a close and frequent contact.
« Close and frequent contacts between agents will attract them into center of the graph.

¢ Risk of infection can be assessed not only by the degree of the nodes but also by the amount of close contacts.
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Fig. 9 Center of the risk graph and list of infected health care workers in scenario D
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VI.CONCLUSION AND DISCUSSION

We have built a'simulation model for infection of an influenza-like illness in an artificial hospital and quantitatively assessed
infection risk of the diseases. The simulation results have shed more light on epidemiological belief of that direct patient care
HCW have high risk of catching nosocomial influenza virus and that washing hand and wearing mask are effective to prevent
an outbreak of the disease in the hospital. The methodologies of quantification and visualization the infection risk have been
demonstrated. The original approach has provided us with a potential methodology for risk management in infection con-
trol of nosocomial infection.

The great advantage of simulation model is that they are able to conduct experiments which are impossible or undesira-
ble. It provides a flexibility of changing parameters to apply to other diseases rather than influenza-like illness. The computa-
tion of dynamical change of virtual influenza virus can assess the risk of infection quantitatively and visually. Even though the
computational effort of the modeling method is hard, with the evolution of computing, time execution of the simulation model is
constantly reduced.

The methodology of categorizing infection levels into detailed disease states can be used to apply to other pathogens like
smallpox, measles and many others by changing state period and state transition probability. Compared to traditional SIR mod-
el, in which population is roughly divided in three groups of susceptible, infectious and recovered individuals, our methodolo-
gy provides a better modeling of infection process.

The visualization of risk graph demonstrated above can be a valid method to assess infection risk but it is not completed.
The nature of contacts that transmit virus cannot be seen from the graph. However, thanks to the development of large net-
works graphs visualization software, such as Gephi, we can highlight and track all contacts of agents in real time. An integra-
tion with human real time tracking systems can be potential for tracking and detecting contacts between health care workers or
between health care workers and patients.

Although data and knowledge for the model have been constructed based on several field works onsite, empirical vali-
dation of the model could not be conducted due to the lack of statistics and impossibility of taking those experiments in a hos-
pital. Although there was no observed data fitted the simulation results, outputs are qualitatively similar to observed phe-
nomenon in the real world.

The future work is to integrate real data collecting by sensor to the simulation framework. The structure of the simulation

framework is illustrated in Figure 10. We have developed and used wireless tracking systems to track real-time movement of
humans in a building. The real data of movement of patients and health care workers in a real hospital can be achieved.

Fig. 10 Structure of the simulation framework
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Activity pattern of people can also be collected via activity questionnaire. Changing parameters of the disease transition
module can be applied to study other infectious diseases. Infection control measures can be changed in many scenarios depend-
ing on infection control resources of the hospital. The core module inherits from the current module but can be rebuilt to fit the
structure of a new hospital. Simulation output shows real-time graph of the number of hospitalization, infected patient and
HCW. By visualizing contact network, close and frequent contacts with high-risk patients can be tracked and monitored. Vari-
ation of virtual virus contamination level of places and agents can be monitored in real time. The simulation framework could be
a potential decision-making support tool for hospital administrators to evaluate nosocomial infection control and it can also be
used as an educational tool to study nosocomial infection.
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Abstract: Tuberculosis remains a leading cause of infectious disease morbidity and mortality worldwide. Therefore, the
ability to discriminate between strains of the causative agent, Mycobacterium tuberculosis (M. tuberculosis), is an
important issue for public health epidemiologists when tracking transmission of the disease. Several molecular typing
methods are in use; however, some are labor intensive and technically demanding, while others require expensive
equipment. Recently, a novel analysis of the presence or absence of genomic signatures in open reading frames (ORFs)
was demonstrated to have several advantages over conventional typing methods: it uses a simple and rapid polymerase
chain reaction (PCR)-based method, and the results are stable and easily comparable among institutions. We used this
technology to develop a novel molecular typing method to assess the composition of small genomic islets (SGls) derived
from ORFs in the genomic sequences of M. tuberculosis. Analyses of the whole genome sequences of five M.
tuberculosis complex strains led to the selection of nine SGls. The conservation of each SGI was investigated in 40
clinical isolates from several different groups. The SGI patterns exhibited a clear difference between Beijing family

members and T3-OSAKA, suggesting that the analysis of SGls is useful for the discrimination of these strains.

Keywords: Open reading frame (ORF), Small genomic islets (SGls), Restriction fragment length polymorphism
(RFLP), Variable number of tandem repeats (VNTR), Spoligotyping, Direct repeat (DR), Multilocus sequence typing

(MLST).

INTRODUCTION

Mycobacterium tuberculosis (M. tuberculosis), the
etiological agent of tuberculosis, has been a significant
source of morbidity and mortality since antiquity.
Worldwide, approximately 8.6 million people were
affected in 2012, with 1.3 million deaths [1]. The most
widespread M. tuberculosis strains are members of the
Beijing family (known as lineage 2, [2]). Beijing is the
dominant family in many locations in East Asia,
particularly in China [3,4], and is the primary source of
the emerging multidrug resistant (MDR) strains [5,6]
that are responsible for outbreaks in many countries.

Because M. tuberculosis is primarily transferred
among humans, strain discrimination can be a vital key
in tracking the course of transmission among patients.
Several molecular methods are used to discriminate
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clinical strains of M. tuberculosis: restriction fragment
length polymorphisms (RFLP), variable number of
tandem repeats (VNTR) and spoligotyping. Insertion
sequence (IS) 6710-based RFLP is the gold standard
for M. tuberculosis strain discrimination [7]. M.
tuberculosis contains 0-26 copies of IS6710 in the
chromosome, which form different RFLP gel banding
patterns for epidemiologically unrelated strains [8].
However, this methodology has several disadvantages:
the method is labor intensive and requires a large
amount of high quality bacterial genomic DNA; the
analog band pattern must be analyzed digitally for
inter-facility comparisons; and the polymorphisms
might be of limited use in supplemental methods if
there are fewer than six insertion sites.

VNTR analysis utilizes a variable number of tandem
repeats for genotyping [9,10]. Bacterial genomes
contain many interspersed repeat units, the number
and size of which can be used to categorize microbial
strains following PCR amplification [11]. The digitally
acquired data are more suited for further analyses or
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comparisons. However, when VNTRs were used to
analyze the same locus (target) in lineage 4 (Europe,
America, Africa [2]) and lineage 2 (East Asia)
mycobacteria, the method could not discriminate the
Beijing strains [12,13]. A large collection of Beijing
strains was not differentiated by Supply’s 15-loci VNTR
analysis because this assay was initially developed to
analyze lineage 4, not lineage 2 (Beijing family) [14-16].
Therefore, a novel VNTR assay with better
discriminatory power for East Asian strains, particularly
lineage 2, is needed [17,18].

The third discrimination method, spoligotyping [19],
utilizes a genomic locus that contains approximately 40
copies (the analysis of a copy number of 43 is
universally available) of a short direct repeat (DR). DRs
are separated by spacers whose sequence, between
specific DRs, is conserved among strains. Because
strains differ in terms of the presence or absence of
specific spacers, the pattern of spacers in a strain can
be used for genotyping. Spoligotyping has several
advantages over IS6770-based RFLPs. Since only
small amounts of DNA are required, it can be
performed directly from clinical samples or from
colonies shortly following inoculation. The resuilts are
expressed as positive or negative for each spacer and
can be expressed in a digital format.

T3-OSAKA (also known as SIT627 [20]) was named
after Osaka, Japan, where the strain was initially
isolated. It was characterized with spoligotyping by the
presence of spacers 1-4 and 9-12 and the absence of
spacers 5-8 and 33-36 [20-23]. Previously, the T3
strain (T represents modern TB strains in the
international spoligotyping database) was defined only
by the absence of spacers 13 and 33-36. Thus, T3-
OSAKA was expected to be a variation of the T3 strain.
T3-OSAKA is found mainly in Japan, but has also been
reported in Finland and Mexico, which has been
confirmed in SpolDB4 (fourth international spoligo-
typing database) [24].

In the Osaka area, the Beijing family is the
predominant strain, and here the proportion of MDR
patients is higher than the national average in Japan.
Because Beijing strains are expected to develop drug
resistance faster than T3-OSAKA [23], the importance
of discriminating between strains becomes obvious.
The best way to differentiate between Beijing and T3-
OSAKA strains is to detect a specific pattern of spacers
by spoligotyping. But spoligotyping is expensive and
requires a special apparatus. A new typing method that
can discriminate T3-OSAKA and Beijing strains must
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be simple to perform and less expensive than
spoligotyping.

A new molecular typing method, phage derived
open reading frame typing (POT) is used to discri-
minate methicillin-resistant Staphylococcus aureus (S.
aureus) (MRSA) and/or Salmonella enterica serovar
typhimurium infection [25-27]. MRSA-POT was
developed based on the observation that the S. aureus
genome contains regions of open reading frames
(ORFs) from bacteriophages. Phages, as well as small
genomic islets (SGls), are frequently utilized as ORF
readouts. For the MRSA-POT assay, SGls in S. aureus
were defined as small ORFs comprised of one to five
genes as well as single-nucleotide variation [28]. In a
case of MRSA, the pattern of the presence or absence
of such SGIs in the phages revealed high resolution
and high diversity of discrimination [25,26,29,30]. The
presence or absence of a particular SGI signature was
associated with multilocus sequence typing (MLST)
results in the discrimination of S. aureus [31]. Utilizing
such patterns has several advantages. For example,
the results are obtained rapidly and easily, are
consistent among operators, and can be compared
among different institutions.

The genomes of the M. tuberculosis complex
(MTBC) have been sequenced [32,33] and are now
available from websites such as the US National
Library of Medicine and GenBank. The sequencing
data could be used to facilitate the development of
cost-effective genotyping methodologies for MTBC.
Similar ORFs comprising SGis may be present or
absent in the genomic signature of different strains of
M. tuberculosis. We have developed a novel molecular
typing method for M. tuberculosis using SGI Patterns
(TB-SGIP) and have confirmed its ability to discriminate
between T3-OSAKA and members of the Beijing
family.

METHODS

Selection of Candidate SGls from Whole-Genome
Sequence Data

The whole genome sequence data of five MTBC
strains already published in the microbial genome
database for comparative analysis web site (http:
//mbgd.genome.ad.jp/) were compared: CDC1551,
F11, H37Ra (ATCC25177), H37Rv and M. bovis
(AF2122_97). SGls that are absent in at least one of
the five strains were chosen using Find Differences JP
(Saglasie, Yokohama), a software package that
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Table 1: Loci of Small Genomic Islets in Five Sequenced M. tuberculosis Strains

M. tuberculosis Strains
Islet No. Locus Tag Predicted Function
H37Rv CDC1551 AF2122_97 H37Ra F11

1 MT3248 ND* 100" 100 ND ND PPE family protein
2 MT3428 ND 100 100 100 ND AfsR/Dnrl/RedD family
3 MT 1800 ND 100 99.833 100 100 Glycosyltransferase
4 TBFG_13356 ND 100 100 ND 100 Carbinolamine dehydrase
5 TBFG_1325 ND 100 100 ND ND Adenylate cyclase
6 MT1360 ND 100 ND ND ND Adenylcyclase, putative
7 MT2166 ND 100 100 ND 100 PE family protein
8 MT3247 ND 100 100 ND ND Molybdoprotein co-factor
9 MRA_3466 100 ND ND ND ND PPE family protein

*ND: not detected.
°Percentage homology to the locus tag.

facilitates text comparison. The nucleotide sequences
of the five strains were then compared again using
nucleotide analysis software Genetyx Win (Genetyx,
Tokyo). Among the selected SGls, those containing a
single ORF without the presence of structures
resembling insertion sequences, transposases or
integrases were selected (Table 1). Non-conserved
regions with larger structures such as transposons and
prophages were excluded.

Detecting SGls

SGls were detected and confirmed with the
GeneAmp PCR System 9600 (Applied Biosystems,
USA, CA). Conventional PCR was performed in a 20-ul
mixture containing 10 ng of template DNA, Ex Taq
buffer (2 mM Mg?*), dNTPs (0.2 mM each), 0.4 units of
Ex Taq DNA polymerase (Takara Bio, Otsu, JAPAN)
and 0.2 pmol™ of primer pairs (Table 2). The PCR
consisted of 30 cycles of the following steps: 94°C for
30 s, 53°C for 30 s and 72°C for 1 min. The PCR
products (5 pul) were electrophoresed on 2.5% agarose
gels in 0.5x Tris-borate-EDTA at 100 V for 25 min; the
bands were then visualized with ethidium bromide
under UV light.

M. tuberculosis Clinical Isolates

Samples were obtained from the Osaka Prefectural
Medical Center for Respiratory and Allergic Diseases
and National Institute of Infectious Diseases, Japan.
The M. tuberculosis strains were isolated from 326
pulmonary TB patients in 2009. Forty consecutive
clinical isolates (12.3% = 40/326) of MTBC were
collected for molecular typing, with three laboratory

strains (BCG Tokyo, H37Rv, and H37Ra) used as
controls. The 40 clinical isolates were drug sensitive.

Table 2: PCR Primers for the Detection of Small
Genomic Islets

e Name Primers Pro_duct
No. Size

’ MT3248F ATTATTGAAGCCCGAGACGC 464
MT3248R GGGAACTCTGGGAACAACAA

2 MT3428F CAAAATCATCGCCCACACAG 159
MT3428R GATTGACGTTCCGAGACATAG

3 MT1800F TAGCCCAAATGTCTCGTGTG 361
MT1800R AAATCCGTCACCGTCCCACT

4 TBFG_13356F | TCCAACAAGTCAACCGCAC 128
TBFG_13356R | ATTTGGGTTTGGGAGCTTCG

5 TBFG_01325F | TCAAAAGGAACCCGCCGATCA| 316
TBFG_01325R | CTATTCATCCCCGCAGGTCAT

6 MT1360F ATGACCTGCGGGATGAATAG 292
MT1360R CTTTTCCGACACCTAGCATC

7 MT2166F ATTGGGATGTTGGCGGCA 250
MT2166R CTGACTTCCTCATACGCA

8 MT3427F GTATCACCACGGAATCAAGC 211
MT3427R GCGATCACAACTAATGGCGT

9 MRA_3466F GCAAAACACGTCAGCAACA 251
MRA_3466R GGCCGAAAATATCCAAGCAA

Molecular Typing

1S6110-Based RFLP

Pvull-digested DNA of M. tuberculosis was probed
with the insertion element IS6770 according to a
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standardized protocol [7]. Band patterns were analyzed
using the BioNumerics software package (Applied
Maths). Strains with identical RFLP band patterns were
categorized as a cluster.

VNTR

Among 24 mycobacterial interspersed repetitive
units (MIRU) loci, including four exact tandem repeats
(ETRs) and 20 other loci proposed for VNTR [9,14-
16,34-37], 15 were selected for use in typing Beijing
strains as previously described [38]. VNTR typing was
performed using ExTaq with GC PCR buffer | (Takara
Bio). The PCR mixture was prepared in a 20-pl volume
with 1x GC PCR buffer I, 0.5 U Ex Taq, 200 uM each of
four dNTPs, 0.5 mM of the primer set and 10 ng
template DNA. All loci were amplified under the
following conditions: initial denaturation at 94°C for 5
min; 35 cycles of 94°C for 30 s, 63°C for 30 s and 72°C
for 3 min; followed by a final extension at 72°C for 7
min.

Spoligotyping

Spoligotyping was performed as previously des-
cribed [19]. Spoligotype families were assigned as
described [22,24,39].

Minimal Spanning Tree (MST) Analysis

MST analysis was performed, based on the VNTR
genotypes, using BioNumerics software version 4.61
(Applied Maths) to reconstruct a hypothetical phylo-
genetic tree for clinical isolates. The reconstruction was
performed using previously reported criteria {40].

Statistics

The Discriminatory Power (D) is the average
probability that the typing system will assign a different
type to two unrelated strains randomly sampled in the
microbial population of a given taxon. D was calculated
using Simpson’s index of diversity formula [41].

RESULTS
Detecting SGls

Non-conserved regions among the five sequenced
strains were predicted using computational analysis to
identify nine potential SG! targets (Table 1). All SGis
were found in non-essential genes [32]. Conventional
PCR was used to confirm the presence or absence of
each genomic islet in the selected ORF using the
primers listed in Table 2. PCR analysis showed
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different SGis in the ORF of the five strains, suggesting
that these nine loci could be good markers for M.
tuberculosis strain discrimination (data not shown).

Spoligotyping and RFLP Analysis

Three laboratory strains and 40 clinical isolates
were evaluated by the conventional discrimination
methods of spoligotyping and RFLP analysis. Spoligo-
typing of the clinical isolates revealed one large group
clustering as T3-OSAKA (n = 18, #4-21, Table 3) that
was characterized by the presence of spacers 1-4 and
9-12 and the absence of spacers 5-8 and 33-36 [22].
Another large group clustering as Beijing (n = 8, #30-
37, Table 3) had a specific spoligotype with the
presence of spacers 35-43 [22]. Other clinical isolates
(#38-43, Table 3), such as T1, T2, T3, T5, Haarlem (H)
1, and Latin America (LAM)1, also showed specific
spoligotyping patterns predicted by SpolDB4 [24](Table
3).

In the laboratory strains, spoligotyping analysis
revealed the absence of spacers 3, 9, 16, and 39-43 in
BCG Tokyo and the absence of spacers 20-22 and 33-
36 in H37Rv and H37Ra [24]. When these spoligo-
typing results were compared with those of the RFLP
analysis, the number of RFLP bands was variable,
leading to the conclusion that they do not have the
same genotype. In the T3-OSAKA group, the RFLP
profile varied from one to five bands (gel fragments). In
addition, four strains had spoligotyping patterns similar
to those of the T3-OSAKA group. These isolates were
named the Osaka-Family, although they differed in the
number of RFLP bands. Another four sporadic isolates
exhibited a small number of bands (1-5), but the
spoligotyping patterns did not match those of either the
Beijing or the T3-OSAKA strains. They were labeled
non-B (Beijing), non-O (T3 OSAKA) strains. In contrast,
RFLP analysis showed that the Beijing strains had
multiple copy numbers of bands (9-16 bands). BCG
Tokyo had two bands [42], while H37Rv and H37Ra
had fourteen and fifteen bands, respectively (Table 3)
[43].

VNTR Analysis

The number of interspersed repeat units in each of
the 43 isolates was analyzed by VNTR analysis (Table
4). Based on the results in Table 4, T3-OSAKA and
OSAKA-Family strains appeared to have similar VNTR
patterns, whereas members of the Beijing family
shared a different pattern. We reconstructed putative
phylogenetic trees of the 40 clinical isolates and three
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Table 3: Comparative Results of Spoligotyping and RFLP Analysis

Isolate No. Strain Spoligotyping Pattern Number of RFLP Bands
1 BCG Tokyo absent of 3, 9, 16 and 39 to 43 2
2 H37 Rv absent of 20 to 22 and 33 to 36 14
3 H37 Ra absent of 20 to 22 and 33 to 36 15
4 T3 OSAKA absent of 5 to 8 and 33 to 36 2
5 T3 OSAKA absent of 5 to 8 and 33 to 36 1
6 T3 OSAKA absent of 5 to 8 and 33 to 36 1
7 T3 OSAKA absent of 5 to 8 and 33 to 36 1
8 T3 OSAKA absent of 5 to 8 and 33 to 36 2
9 T3 OSAKA absent of 5 to 8 and 33 to 36 5
10 T3 OSAKA absent of 5to 8 and 33 to 36 1
11 T3 OSAKA absent of 5to 8 and 33 to 36 1
12 T3 OSAKA absent of 5 to 8 and 33 to 36 3
13 T3 OSAKA absent of 5to 8 and 33 to 36 1
14 T3 OSAKA absent of 5 to 8 and 33 to 36 1
15 T3 OSAKA absent of 5 to 8 and 33 to 36 1
16 T3 OSAKA absent of 5 to 8 and 33 to 36 1
17 T3 OSAKA absent of 5 to 8 and 33 to 36 1
18 T3 OSAKA absent of 5 to 8 and 33 to 36 1
19 T3 OSAKA absent of 5 to 8 and 33 to 36 1
20 T3 OSAKA absent of 5 to 8 and 33 to 36 1
21 T3 OSAKA absent of 5 to 8 and 33 to 36 1
22 OSAKA-family absent of 1, 5to 8, 13 and 33 to 36 2
23 OSAKA-family absent of 5to 8, 13 to 14 and 33 to 36 4
24 OSAKA-family absent of 5to 8, 13, and 33 to 36, 40 5
25 OSAKA-family absent of 3to 11, 13, and 33 to 36 1

26 non-B, non-O absent of 33 to 36 1

27 non-B, non-O absent of 13, 33 to 36 1

28 non-B, non-O absent of 13 to 16, 29 to 32, 34 and 40 to 43 5

29 non-B, non-O absent of 13 to 16 and 33 to 36 5

30 Beijing absent of 35 to 43 15
31 Beijing absent of 35 to 43 15
32 Beijing absent of 35 to 43 14
33 Beijing absent of 35 to 43 12
34 Beijing absent of 35 to 43 13
35 Beijing absent of 35 to 43 16
36 Beijing absent of 35 to 43 16
37 Beijing absent of 35 to 43 12
38 LAM1 absent of 3, 21, 24, and 33 to 36 11
39 T absent of 33 to 36 15
40 T3 absent of 13 and 33 to 36 15
41 H1 absent of 26 to 29 and 33 to 36 9
42 T5 absent of 23 and 33 to 36 14
43 T2 absent of 33 to 36 and 40 12
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Table 4: Comparative Results of VNTR Analyses
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(Table 4) contd .

VNTR Pattern

No. Strain ETR MIRU QuB Mtub

A C D E 10 16 26 40 11b 26 4156 4 21 30 39
39 | T1 2 2 3 3 2 2 2 2 3 2 5 1 5 2 3
40 | T3 3 1 4 3 3 2 3 2 3 2 5 1 4 2 3
41 H1 3 2 3 3 3 2 3 2 5 1 3 1 5 2 1
42 | T5 3 2 4 3 3 2 3 2 3 2 6 1 5 1 1
43 | T2 3 2 4 3 3 2 3 2 3 2 6 1 4 1 1

ETR: Exact tandem repeat [9].

MIRU: Mycobacterial Interspersed Repetitive Units [16).
QUB: Queen's University Belfast [37].

Mtub: Mycobacterium tuberculosis [36].

laboratory strains based on their VNTR types using the
minimal spanning tree algorithm (Figure 1). In the
analysis, T3-OSAKA and Beijing isolates were clearly
distinguishable, suggesting that they are genetically
independent. Osaka-Family isolates were associated
with T3-OSAKA, which was predicted from the
spoligotyping results. Notably, although non-B, non-O
isolates should differ from both T3-OSAKA and Beijing
by spoligotyping, the VNTR-produced tree predicted an
association between non-B, non-O and Beijing strains.

11&12

TB-SGIP Analysis

The new TB-SGIP assay was evaluated by
analyzing the 40 clinical tuberculosis strains that had
been examined by conventional analysis. Three
laboratory strains were included as internal controls for
the experiment. The results were displayed in a binary
system with nine columns (1= SGI was present, 0 =
SGI was absent) (Table 5). All nine SGls were present
in the T3-OSAKA strains. All SGls, with the exception
of MT-1800, were present in the Beijing strains. These

283
R O
0. D 31
X ) 34
337
37 27

Figure 1: Minimal spanning tree of 40 clinical isolates and 3 laboratory strains based on VNTR assay.

Each circle corresponds to a different VNTR genotype. A small circle represents one strain and a large circle, two strains. Heavy
lines connecting two VNTR types signify that they are single-locus variants, thin lines connect double-locus variants, and dotted
lines (black) connect triple-locus variants. Dotted lines represent the most likely connection between two types differing by more
than three VNTR loci. Numbers are same as those shown in Tables 3-5. T3-OSAKA (# 4-21) and Beijing strains (# 30-37) are

clearly separated in the tree.
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Table 5: TB-SGIP Assays

TB-SGIP
Isolate No. Strain -
3248 3428 1800 13356 1325 1360 2166 3427 3466

1 BCG Tokyo 1 1 1 1 0 0 1 1 0
2 H37 Rv 1 0 0 0 0 0 0 0 1
3 H37 Ra 1 0 1 0 0 0 0 0 1
4 T3 OSAKA 1 1 1 1 1 1 1 1 1
5 T3 OSAKA 1 1 1 1 1 1 1 1 1
6 T3 OSAKA 1 1 1 1 1 1 1 1 1
7 T3 OSAKA 1 1 1 1 1 1 1 1 1
8 T3 OSAKA 1 1 1 1 1 1 1 1 1
9 T3 OSAKA 1 1 1 1 1 1 1 1 1
10 T3 OSAKA 1 1 1 1 1 1 1 1 1
" T3 OSAKA 1 1 1 1 1 1 1 1 1
12 T3 OSAKA 1 1 1 1 1 1 1 1 1
13 T3 OSAKA 1 1 1 1 1 1 1 1 1
14 T3 OSAKA 1 1 1 1 1 1 1 1 1
15 T3 OSAKA 1 1 1 1 1 1 1 1 1
16 T3 OSAKA 1 1 1 1 1 1 1 1 1
17 T3 OSAKA 1 1 1 1 1 1 1 1 1
18 T3 OSAKA 1 1 1 1 1 1 1 1 1
19 T3 OSAKA 1 1 1 1 1 1 1 1 1
20 T3 OSAKA 1 1 1 1 1 1 1 1 1
21 T3 OSAKA 1 1 1 1 1 1 1 1 1
22 OSAKA-family 1 1 1 1 1 1 1 1 1
23 OSAKA-family 1 1 1 1 1 1 1 1 1
24 OSAKA-family 1 1 1 1 1 1 1 1 1
25 OSAKA-family 1 1 1 1 1 1 1 1 1
26 non-B non-O 0 1 1 1 1 1 1 1 1
27 non-B non-O 1 1 1 1 0 0 1 1 1
28 non-B non-O 1 1 1 1 1 1 1 1 1
29 non-B non-O 0 1 0 1 0 0 1 1 1
30 Beijing 1 1 0 1 1 1 1 1 1
31 Beijing 1 1 0 1 1 1 1 1 1
32 Beijing 1 1 0 1 1 1 1 1 1
33 Beijing 1 1 0 1 1 1 1 1 1
34 Beijing 1 1 0 1 1 1 1 1 1
35 Beijing 1 1 0 1 1 1 1 1 1
36 Beijing 1 1 0 1 1 1 1 1 1
37 Beijing 1 1 0 1 1 1 1 1 1
38 LAM1 0 1 0 1 1 1 1 1 0
39 T 0 1 0 1 1 1 1 1 1
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(Table 5) contd .

TB-SGIP
Isolate No. Strain
3248 3428 1800 13356 1325 1360 2166 3427 3466
40 T3 0 1 1 1 1 1 1 1 1
41 H1 1 1 1 0 0 0 1 1 1
42 T5 1 0 1 0 1 1 1 0 1
43 T2 1 0 1 0 1 1 1 0 1

Presence or absence of SGls = 1.
Absence of SGIs = 0.

results were more consistent with spoligo analysis
rather than RFLP or VNTR. Thus, comparing spoligo-
typing and the TB-SGIP assay, the spoligotyping
results correlated well with those of TB-SGIP, and the
D of TB-SGIP was the same as that of spoligotyping:
0.7697 (TB-SGIP) and 0.7962 (spoligotyping).
Comparisons between T3-OSAKA or OSAKA-Family
strains and Beijing strains by TB-SGIP were relatively
consistent with those of spoligotyping, where the D of
the assays was 0.4049 (TB-SGIP) and 0.5839 (spoligo-
typing). Thus, TB-SGIP analysis and spoligotyping
similarly discriminated between Beijing and T3-OSAKA
strains.

DISCUSSION

In this study, we developed a novel molecular
discrimination assay, TB-SGIP, for M. tuberculosis
based on differences in patterns produced by the
presence or absence of small genomic islets in
different strains. TB-SGIP data were analyzed and
compared with traditional methods (i.e., RFLP, VNTR
and spoligotyping). TB-SGIP was not inferior to
spoligotyping and is better than conventional RFLP. In
addition, TB-SGIP employs conventional PCR, which is
less labor intensive than VNTR and less expensive
than the spoligotyping assay. TB-SGIP is also as
sensitive as VNTR. Consequently, TB-SGIP would be
appropriate for the typing of different lineage strains.

The D of TB-SGIP and spoligotyping are similar,
making it suitable for global surveillance and phylo-
genetic analysis. Moreover, the simple combination of
PCR and agarose gel electrophoresis decreases the
time needed to detect Beijing or T3-OSAKA strains
over conventional assays such as VNTR analysis and
spoligotyping. A limitation of this analysis would be the
relatively small number of non-B, non-O strains (n = 4),
preventing the calculation of a false positive rate.

The TB-SGIP results were displayed with the
number of small genomic islands in the strains. As all
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eighteen strains had the same results, T3-OSAKA
appeared to be one of the ancient lineages of MTBC. A
comparison of the Beijing and T3-OSAKA strains
showed only one deletion of a genomic island in TB-
SGIP. These data suggest that Beijing and T3-OSAKA
strains might be closely related. However, other assays
produced significant differences among them. Genomic
data from five sequenced strains were used to
establish SGIP, which could be listed as another
limitation of the current analysis since there might be a
sequence bias in the reference strains. This bias could
be removed with future access and use of more whole
genome data of M. tuberculosis strains.

Although H37Rv and H37Ra share a common
ancestor in H37, one is virulent (H37Rv) while the other
is not. The difference between the two is the presence
of MT1800 in H37Ra. MT1800 might function to
influence virulence attenuation between these strains.
Therefore, a check for the presence of MT1800 by
PCR is sufficient for discrimination of Beijing and T3-
OSAKA strains. In addition, use of the TB-SGIP assay
might lead to prediction of strain characteristics if
further study confirms the functions of each genomic
island.

In summary, TB-SGIP is as good as spoligotyping
and superior to RFLP analysis for the typing of M.
tuberculosis. In this study we compared only two
strains, Beijing and T3-OSAKA; however, this
methodology can be applied to the broad discrimination
of M. tuberculosis clinical isolates.

CONCLUSION

TB-SGIP, a novel molecular typing method for M.
tuberculosis, can differentiate between strains of M.
tuberculosis with almost the same discriminatory power
as spoligotyping. Moreover it is a simple, easy and
quick method to discriminate Beijing and T3-OSAKA
strains. The TB-SGIP assay is based on the presence
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or absence of genomic islands, and may be able to
predict strain characteristics if further study is able to
clarify the functions of each island.
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