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Rapid identification of bacteria is critical in clinical
and food safety applications. This paper
describes a novel instrument and data analysis
method for identifying bacteria based on the
measurement of laser light scattering as the beam
interacts with bacterial cells suspended in water. A
description of the technology is followed by an
identification performance study for a set of strains
from the genus Staphylococcus (the inclusive
target organisms) and a set of non-Staphylococcus
strains (the exclusive organisms). Staphylococcus
and non-Staphylococcus cells were grown on
sheep blood agar (SBA), tryptic soy agar, brain
heart infusion (BHI) agar, or Luria–Bertani (LB) agar
and identified based on how cells scattered light.
Bacteria from the genus Staphylococcus grown on
solid media were correctly identified more than
92% of the time. To determine whether the system
could also identify bacteria grown in liquid culture,
six different Staphylococcus strains and six
different non-Staphylococcus strains were grown in
tryptic soy broth, BHI broth, or LB broth. This
system accurately identified all targeted
Staphylococcus samples tested, and no
misidentifications occurred. A single-blind
identification experiment was also performed on
human clinical isolates obtained from the Upper
Peninsula Health System. Ninety blind-coded
clinical bacterial isolates on SBA were tested to
determine whether they were from the genus
Staphylococcus. All Staphylococcus were
accurately identified, and no misidentifications
occurred. This study demonstrated the proof of
concept of a novel system that can rapidly and
accurately identify bacteria from pure culture based
on cellular light-scattering properties.

Rapid identification of bacterial pathogens in clinical
specimens has been correlated with improved patient
outcomes (1). The faster pathogens are identified, the

sooner the appropriate therapy can be administered. From a food
safety perspective, rapid identification of pathogens at
production facilities can prevent contaminated foods from
reaching the public or result in the recall of products to
minimize public exposure to disease-causing organisms. The
majority of rapid bacterial identification technologies are
designed to detect biological material, such as nucleic acid or
protein, from specific microorganisms. Here, we describe a novel
non-nucleic acid-based technology that uses laser light scattering
to identify unlabeled bacterial cells. Previous technologies used
light scattering as a means of bacterial identification. However,
these technologies measured light scattering off colonies or
labeled cells. One such technology evaluates the forward
scatter pattern of laser light that passes through a bacterial
colony and the solid culture medium on which the bacterium
was grown (2). This technology has been successfully used to
identify isolated colonies from genera Listeria (3) and Vibrio (4),
Salmonella enterica (5), and others on culture plates containing a
mixture of species. Comparatively little is known about using
light-scattering measurements directly from bacterial cells for
identification. Previous work by Koch and Ehrenfeld (6) showed
that bacterial size, shape, and volume could be calculated by
light-scattering measurements. In 1968, Wyatt (7) proposed that
light scattering could be used to identify bacteria because
different species of bacteria would have unique light-
scattering patterns due to their structural and biochemical
differences. Katz et al. (8) demonstrated that bacterial size
could be determined by elastic light-scattering measurements
in 2003. Using light-scattering measurements to rapidly identify
bacteria has been progressing. Jo et al. (9) used Fourier
transformations of two-dimensional angle resolved light-
scattering maps to identify rod-shaped bacteria. Single cells of
Staphylococcus aureus that were labeled with conjugated gold
nanoparticles were identified by light-scattering technology (10).
The length and diameter of single cells of unlabeled Escherichia
coli were determined by angle-resolved light scattering by a
scanning flow cytometer (11). Here, we describe a bacterial
identification method capable of processing an unlabeled
suspension of cells of the same genus or species in filtered
water. This method uses an instrument, a Micro Identification
Technologies (MIT) 1000 System (hereafter designated the
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MIT 1000), to measure laser light scatter off a sequence of
microscopic particles suspended in water. As each particle is
measured, the measurement values are simultaneously analyzed
by a series of software objects called “Identifiers™.” Each
Identifier object applies a statistical classification algorithm
(12) to the input values to determine whether the collection of
particles being measured belongs to the microorganism class (a
specific genus or species) the Identifier was designed to classify.
Each Identifier analyzes a sufficient number of particles,
typically 10–40, for its classification algorithm to converge to
a class membership determination. Each final Identifier result is
either a (1) positive result, indicating that the sequence ofmeasured
particles are members of its class; or (2) negative result, meaning
the measured sequence of particles are not members of its class.
The identification of the sample is reported by listing the class of
the Identifier with the positive result or, if there are no positive
results, the sample is listed as “Unknown.”
The MIT 1000 and a Listeria genus Identifier were previously

validated under the AOAC Research Institute’s Performance
Tested MethodSM (PTM) Program (13) and awarded PTM
Certificate No. 060901 for the identification of the genus
Listeria (14); however, a detailed technical description of the
system or identification method was not published. In addition to
the technical details of the MIT 1000, the development of a
Staphylococcus genus Identifier to identify bacteria within the
genus Staphylococcus is also described in this work.
The genus Staphylococcus was chosen as a target for

identification because it contains a number of significant
human and animal pathogens. S. aureus is the most common
cause of bacterial infections in humans (15, 16). It can cause
numerous types of infections, ranging from mild skin infections,
such as pimples and boils, to serious tissue abscesses, bone
infections, and sepsis. S. aureus is also a significant burden in
the dairy industry, as it is the leading cause of bovinemastitis and a
major reason for antibiotic treatment in cows (17). Additionally,
S. aureus is an important foodborne pathogen because it can
secrete a number of heat-stable enterotoxins into food that can
cause the rapid onset of nausea, vomiting, and diarrhea (18). Other
species of Staphylococcus are important pathogens as well. S.
epidermidis can cause disease in immunocompromised patients or
those who have implanted medical devices, such as artificial
joints, catheters, or intravenous lines (19). S. intermedius is a
zoonotic pathogen that can cause infections in both humans and
animals (20). Finally, members of the Staphylococcus genus grow
in grape-like clusters, whereas the Streptococcus genus grows in
chains; on the other hand, theMicrococcus genus grows in tetrads.
These growth arrangements may give these bacteria unique light-
scattering patterns that are detectable by the MIT 1000.
Thiswork explores the initial basis of using laser light scattering

to identify the genus Staphylococcus. The performance testing of
this work focused on the ability of the MIT 1000 to distinguish
Staphylococcus bacteria from bacteria of similar size and shape,
such as from genera Streptococcus and Micrococcus. The ability
of the system to distinguish the genus Staphylococcus from more
diverse bacteria, such as E. coli, Bacillus subtilis, and Listeria
monocytogenes, was also examined. Because growth media and
growth conditions can potentially alter the size and shape of
bacteria, the performance of the system to identify bacteria on
several types of solid and liquid media was explored. Ultimately,
this system could function as a low-cost rapid bacterial detection
method that could have important applications in medical,
veterinary, or food safety fields.

Principle of the Method

MIT 1000 Technology

The MIT 1000 instrument is a laser-based, rapid microbial
identification (RMID) system capable of identifying bacteria
from a pure culture. Inspired by a device developed to detect
phytoplankton in seawater (21), the instrument uses the
principles of light scattering (22) to identify the genus of
bacterial cells that are suspended in filtered water.
Measurements of individual cells give optical absorption
values of about 1 m–1 at optical wavelengths (23, 24).
Consequently, given the microscopic size of a cell, visible
light does not merely reflect off the cell membrane; it also
penetrates the cell membrane with virtually no attenuation and
interacts with constituent features within the cell to produce a
complex three-dimensional intensity scattering pattern when the
light leaves the vicinity of the cell. The MIT 1000 measures this
three-dimensional pattern at 35 positions around the cell. As
stated above, these resulting light patterns have been shown to
contain bacterial genus-specific information (13). To use this
information to identify bacteria, light patterns for known strains
are collected and analyzed to select the light-scattering features
that best discriminate between an inclusive target class (of
bacterial genus, species, serotype, or other subtype) and all
other exclusive, nontarget bacterial strains. The selected light-
scattering features are used to create the Identifiers.
Subsequently, the Identifier can analyze light-scattering
measurements of an unknown pure genus or species bacterial
suspension to determine whether the unknown cells belong to its
target bacterial class.

System Design

TheMIT 1000 System consists of a rigid optical platform with
five concentric arcs of photodetectors, with eight detectors on
four of the arcs and three on the fifth (bottom) arc (Figure 1).
Through detector ports in the arcs, the detectors view the center
of curvature. The beam of a horizontally polarized red 660 nm
solid-state laser with a Gaussian beam profile also passes through
the center of curvature. Finally, the round section of a 15 mL
round-bottomed flask, called the “MIT 1000 Sample Vial,” is
positioned concentric with the arcs. Four arcs are positioned to
form a letter “X,”with 90° between adjacent arcs as viewed along
the laser beam path. Each of these arcs hosts eight

Figure 1. The optical platform of the MIT 1000 System.
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photodetectors. The remaining arc is located at the bottom,
positioned between the two lower arcs of the X and hosts
three photodetectors. The arcs are numbered 0 through 4
clockwise, starting with the upper right-hand arc when facing
into the laser. The eight photodetectors mounted along the arcs
are spaced every 15°, starting at 15° from the forward-scattering
end. The detectors on each arc are numbered 0 through 7, in
which detector 0 corresponds to the detector at 15° and detector 7
is the detector at 120°. Arc 2, the lowest arc, has detectors
mounted at 45, 60, and 120°. It also provides a bottom support for
the sample vial. Each detector in the system is referenced by its
arc–angle coordinate, such as detector 1–2, which is the third
detector (at 45°) on arc 1. The detectors are also referred to by
their system index value beginning with detector 0–0 having
system index 0 and ending with detector 4–7 having system
index 34: Detectors with system index 0–7 are on arc 0, 8–15 are
on arc 1, 16–18 are on arc 2, 19–26 are on arc 3, and 27–34 are on
arc 4, in which the lowest index on each arc (except for arc 2)
corresponds to the photodetector mounted at 15° from forward
scatter. All photodetectors are mounted to view the center of
curvature of the arcs, and, therefore, the center of the sample vial
through a 2.5 mm diameter hole along the radius of the 2.5 cm
thick arcs. The field of view of the photodetectors is about 5°, and
the 2.5 mm diameter active area of the photodetector subtends an
angle of about 1.5°, as viewed from the arc center of curvature.
The Gaussian beam of the laser has a 0.1 mm diameter beam
waist and is positioned so that the axial center of the beamwaist is
also at the center of curvature of the arcs. The beam direction is
shown in Figure 1. Although particles in the sample vial can pass
through the laser beam at any position along the beam path,
because of their limited field of view, the photodetectors will
only measure those particles passing through the laser beam near
the center of curvature of the arcs. The detectors, which have no
light-polarization sensitivity, are calibrated to measure a value
proportional to watts of incident power measured from a 1 mm
diameter Lambertian source-emitting red light with a spectral
bandwidth of ±11 nm centered at 660 nm.When the calibration is
applied to the detector measurement, the resulting values are
proportional to the irradiance (W/cm2) of the light incident on the
detector and are also proportional to the radiant intensity (W/sr,
where sr = steradian) of point light sources.

Particle Measurements in the MIT 1000

A particle-scattering measurement (i.e., an event) is measured
in volts (vertical axis) versus time in seconds (horizontal axis) as
the particle passes through the laser beam, as shown in Figure 2.
This plot shows the measured scattering signal for one 1.6 µm
diameter polystyrene sphere versus time in seconds. The curves
are plots of the measured raw voltage signal from three of the
detectors on arc 1. The measured signal depends on the size,
shape, and optical properties of the particle and where in the
Gaussian cross section of the beam the particle was located. The
polystyrene sphere plots exhibit a Gaussian curve profile because
the intensity profile of the laser is Gaussian and the particle is
spherically symmetric and homogeneous.
Mie (25) developed a mathematical prediction of light

scattering off isolated small spherical particles like the
polystyrene latex spheres used here. This Mie prediction
has been implemented in a number of ways, including
algorithms (22) and online calculators (26), to predict

scattering intensity versus angle for spheres, such as those
described in Figure 2. In Figure 3, the Mie prediction, using
the input parameters given in Table 1 for each of the eight
detector positions on arc 1 for the event described in Figure 2,
is shown normalized to a Mie-predicted scattering intensity of
1.0 at 0°. Also shown are the actual scaled measured intensity
values after calibration for all eight detectors at the time when
the signal from the detector at 15° attained its maximum value
(at about 0.35 s). The calibrated measurements from each
detector were scaled by a factor such that the value for the
detector at 15° matched the Mie prediction at 15°. Figure 3
shows good agreement of the scaled calibrated measured
values with the Mie prediction.
Figure 4 shows an event of S. aureus [American Tissue

Culture Collection (ATCC), Manassas, VA 9144; S. aureus
9144]. The data shown in Figure 4 are from the same arc
used in Figure 2. Because the size and shape of S. aureus
9144 vary from individual cell to individual cell and because
individual Staphylococcus cells may stick together, the event
plots show significant deviations from a Gaussian profile.
Because orientations of the particles are not constrained as the
measurement is made, measurements of distinct particles or even
remeasurement of the same particle will produce distinctly
different event profiles.

Figure 2. A representative measured signal from the three
detectors on arc 1 of one 1.6 µm diameter polystyrene sphere. The
angle indicates the position of the photodetector on the arc.

Figure 3. Comparison of a Mie prediction and the calibrated
results from the data shown in Figure 2. The Mie prediction input
parameters are presented in Table 1. The Mie prediction was scaled
to a value of 1 at 0°. The values of the calibrated measurements
were taken at the time when the 15° detector reached its maximum
value (at about 0.35 s). All values were then scaled by a factor such
that the value for the 15° detector equaled the Mie prediction at 15°.
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Identification Algorithm

The variability of cell size and shape, angular orientation,
location, and chemical makeup of the features and structures
inside and outside the cell make analytical and numerical
prediction of scattering radiant power a complex task.
Because the Mie solution applies only to spheres, MIT
developed a statistical classification algorithm (12) that
classifies the light-scattering measurements made by the MIT
1000 System, such as those in Figures 2 and 4. When microbes
like bacteria are measured, the classification is identification to
the desired bacterial taxonomic level (e.g., genus, species, etc.)
The details of the algorithm are proprietary to Micro
Identification Technologies and will not be fully exposed
here, but the general principles are described. The algorithm
is based on a normalized frequency of occurrence histograms
taken from a large set of calibrated measurements of bacterial
samples. These normalized histograms are used as probability
densities, which, when combined with measurements of new or
unknown bacterial cells, produce probabilities of bacterial
identification.
The concept of the identification process can be demonstrated

with a polystyrene sphere and S. aureus 9144 measurements, as
shown in Figures 2 and 4. Scattering measurements, like those in
Figures 2 and 4, contain a large quantity of raw data.
Additionally, varying event durations, cell feature
variations—such as cell shape, the possible presence of
flagella (possibly moving), and the possibility that multiple
cells may stick together—result in light-scatter plots that
significantly vary from one measured particle to the next,
even when the cells are of the same bacterial strain. One
cannot simply look at scattering measurements of bacterial
cells, such as the one shown in Figure 4, to determine
whether it is from one bacterial strain or another. The MIT
1000 implements a procedure that ensures that values taken from

the measurement of one particle can always be correlated to the
measurement of any other cell. This procedure is illustrated in
Figure 5 using the event shown in Figure 2. The vertical line
labeled Tr is positioned at the time detector, Dr, and attains its
maximum value. The variable r is the system index of the
detector. The time, Tr, can be determined in all measured
events. Once this time is set, values from all detectors are
taken. Figure 5 shows an example for values vir and vjr taken
from two detectors, Di and Dj, at time Tr. Doing this for all
detectors results in a set of 35 values, v1r through v35r, each taken
from the event at the time specified by Tr. At this point, the
detector calibrations are applied to each of these raw voltage
values, resulting in the calibrated values R1r through R35r. This
set of calibrated values is called a “Time Set.” Another Time Set
of 35 values can be taken from the same event measurement by
selecting a different detector, system index s, to specify the time
Ts by identifying when detector Ds is at maximum value and
taking the values of all detectors at that time. This yields, after
calibration, the time setR1s through R35s. Repeating this for all 35
detectors produces 35 Time Sets. Each value, Rij, is called a
“Descriptor.” Importantly, this procedure to generate Descriptors
can be applied to every event measurement.
Each measurement of a polystyrene sphere will result in a set

of Descriptors unique to that sphere due to the variation in sphere
sizes and material properties. This variation in the Descriptors is
easily demonstrated by creating frequency-of-occurrence
histograms from the Descriptors. Furthermore, it is convenient
to use ratios of Descriptors to minimize time dependencies in the
laser output and possible slow electronic signal drift. The
analysis below uses two-dimensional histograms with each
histogram using four Descriptor values from the same Time
Set, Tj: Raj; Rbj; Rcj; and Rdj. The horizontal (x) and vertical
(y) positions on the two-dimensional histogram for each class of
particle are calculated from simple functional relationships
between Descriptors, such as

x =
Raj

Rbj

and

y =
Rcj

Rdj

This selection of a Time Set plus the definition of x and y from the
four Descriptor values is called a “Discriminant Function.”
Figure 6a shows one such histogram for about 200 000

Table 1. MIE prediction input parameters

Parameter Value

Sphere diameter 1.59 µm

Sphere index of refraction 1.585 (37)

Water index of refraction at 25°C 1.331

Incident light wavelength 660 nm

Figure 4. Measured signal from the three detectors on arc 1 for S.
aureus (ATCC 9144). The angle indicates the position of the
photodetector on the arc.

Figure 5. Values vir and vjr were derived from the measurement of
detectors Di and Dj at time Tr , when the signal from detector Dr
was at maximum value.
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polystyrene spheres for the Discriminant Function, j = 3, which is
T3 defined by D3; and a = 1, b = 11, c = 19, and d = 3, which is
written as 3:1,11,19,3.When a height-dependent shading scheme
is used on the histogram, as shown in Figure 6a, and viewed from
above, it appears as the contour shown in Figure 6b, in which the
shaded bands correspond to the height of the original histogram.
The contour graphically shows the full range of possible values
of x and y derived from all measured 1.6 µm diameter polystyrene
spheres for the Discriminant Function 3:1,11,19,3.
Because the size and shape of the contour result from small

differences in the size, shape, and material properties of the
spherical particles, it is expected that performing the same
analysis on a different type of particle will produce contours
that are different from those of a sphere. Figure 7 shows contour

plots from about 200 000 events for 11 bacterial strains using the
same Discriminant Function and the same axes scale and limits
used in Figure 6. Additionally, the crosshair has the same
coordinates in each contour. Finally, Figure 7a is the same
contour shown in Figure 6b, for comparison.
Figure 7g shows the contour for S. aureus 9144. There is

virtually no overlap in the two contours of Figures 7a and g. If an
experiment were performed in which either one 1.6 µm diameter
polystyrene sphere or one S. aureus 9144 cell were selected at
random and then measured by theMIT 1000 System, the identity
of the unknown particle could be revealed by determining the x
and y values for the unknown using the Discriminant Function as
defined above and plotting that coordinate on Figure 7a and g. If
the coordinate is within the sphere’s contour, then the unknown
is highly likely a 1.6 µm diameter polystyrene sphere. Likewise,
if it is within the contour of S. aureus 9144, then it is highly likely
an S. aureus 9144 cell. If the coordinate is not within either
contour, then the identity of the unknown cannot be determined.
Clearly, it is easier to distinguish the contour plot of the sphere

from any of the 11 bacterial strains than distinguishing between
the bacterial strains. It is evident from Figure 7, however, that the
size, shape, and location of the contours do show a species and
even strain dependence—a dependence that may be used to
identify bacterial species.
Normalizing the frequency of occurrence histograms allows

us to interpret them as a probability density (27), namely f ðx; yÞ.
This set of probability distributions can now be used with a
Bayesian decision theory (28) approach to try to identify
unknowns. In its simplest form, the descriptor values would
be taken from the measurement of a single event of the unknown

Figure 6. (a) Histogram and (b) contour plot in arbitrary units for
approximately 200 000 events of polystyrene spheres using the
discriminant function 3:1,11,19,3. Both axes are in dimensionless
units derived from the ratio of two radiance values.

Figure 7. Contour plot of polystyrene spheres (a) compared with the contour plots of 11 bacterial strains (b–l). Each plot is derived from
~200 000 events and all used the same discriminant function, 3:1,11,19,3. The plots have the same x- and y-axis limits used in Figures 5–7.
Bacterial strains shown are as follows: (b) Aeromonas hydrophila ATCC 49140, (c) E. coli ATCC 10536, (d) E. coli ATCC 35150, (e) L.
monocytogenes ATCC 19115, (f) L. welshimeri ATCC 35897, (g) S. aureus ATCC 9144, (h) S. aureus ATCC 33591, (i) S. epidermidis ATCC
49134, (j) S. enterica subsp. enterica serovar Enteritidis ATCC 49222, (k) S. enterica subsp. indica ATCC 43976, and (l) V. parahaemolyticus
ATCC 17802.

1840 HAAVIG ET AL.: JOURNAL OF AOAC INTERNATIONAL VOL. 100, NO. 6, 2017



bacterial species and the Discriminant Function values of x and y
calculated. The presumptive identification of the unknown is the
bacterial species with the highest value of probability density at
the coordinate x,y. Although the probability densities are
different, the difference is small, and this simplistic analysis
would lead to many inaccurate identifications. A better approach
is to calculate, for each bacterial species in the set, the probability
that the unknown is that species:

fP1g=f f1ðx1; y1Þg
where f f1ðx1; y1Þg = set of probabilities for each species and the
index “1” = Discriminant Function used to create the densities.
Although this, by itself, is not an improvement, the probability
set, fP1g, can be combined with a second set of probabilities,
fP2g, from a second Discriminant Function (index 2), using
standard methods (29). Both fP1g and fP2g are derived from the
measurement of one cell. This combined probability gives an
improved identification probability. Again, the simple interpretation
is that the presumptive identification is the species associated with the
highest probability after the calculation. The combined probability
distribution is easily improved again by using additional probability
sets from other Discriminant Functions. As more probability sets are
combined, the resulting probabilities converge to fixed values,
fPgevent . When the simple interpretation is used on this converged
set of probability values, testing shows that the presumptive
identification based on the species associated with the highest
probability is correct 60–85% of the time, depending on the
actual species of the cell.
Additional discriminating information is still needed before a

definitive identification can be made. The identification process is
significantly enhanced if multiple cells of the same unknown species
are measured. As described above, after measuring the first event, a
calculated set of probabilities is created: fPgevent 1. A second
measured event produces a second completely independent set of
probabilities: fPgevent 2. Combining the identification probabilities
for these two measurements produces another improved estimate in
the identification of the species of the unknown: fPg1− 2, where
“1–2” = “events 1 through 2.” A third measured event produces a
third set of probabilities, which, when combined with fPgevent 1 and
fPgevent 2, gives an even better estimate: fPg1− 3.
Figure 8 illustrates an example of the process for a stream of

unknown cells, each of the same strain. This graph shows the plot
of fPg1− i versus event i, in which i is the index of the event that
was measured. As more events are measured and processed, the
probability for E. coli O157:H7 gets closer to 1 (100%) and all
other probabilities drop toward zero (0%). This process of
analyzing additional events is continued until the highest
probability passes a predefined confidence criterion, such as
the probability of the most likely species is greater than 0.999 for
five event analyses in a row, as shown. Then the stream of
unknown cells is identified as the one genus, species, or strain
that has a probability of very near 1: In this case, the
identification is E. coli O157:H7.
This collection of probability distributions provides quick and

accurate identification of any of the species that are in the set of
probabilities. For the collection that was used to create Figure 8,
the algorithm essentially asks the question of the data stream, “Is
this data stream consistent with a stream of one of the strains ofE.
faecalis or E. coli O157:H7 or E. coli, or genus Salmonella or
S. aureus or S. epidermidis cells?” However, this is a closed
process. If the stream of unknown cells does not belong to one of

the species in the set of probabilities—for example, if the
unknown cells are V. parahaemolyticus—the results of the
test are unpredictable. To avoid these unpredictable results,
the proprietary Micro Identification Technologies algorithm
uses the same probability densities described above to create
an open equivalent to this closed collection of probability
densities. This new, refined collection of probability densities
is called “Identifier.” The Identifier has a similar interpretation to
the collection described above but contains only two classes of
probability densities and associated bacterial species: (1) the
target taxonomic group and (2) all other types of bacteria.
Identifiers are constructed from a collection of bacterial strains

that are members of the target taxonomic group (i.e., the target
strains) and strains that are not members of the target group
(i.e., the converse strains). Creating a stream of bacterial cells
of the same species is a simple and rapid process when using
colonies of bacteria grown on solid agar plates. In nearly all
circumstances, all bacterial cells in a single isolated colony grown
on agar plates are of the same genus and species, and the prepared
sample vial contains several thousand cells per cubic centimeter.
An Identifier designed to identify the genus Listeria asks the
question of the data stream, “Is the data stream consistent with the
genus Listeria?” The resulting answer is now either, “Yes, it is
consistent with the genus Listeria” or “No, it is not.” A stream of
bacterial cells that are not members of the Listeria genuswill result
in a No answer. The genus Listeria Identifier will allow the MIT
System to determine whether a stream of the same strain of
bacterial cells is or is not from the genus Listeria. Likewise,
the E. coli Identifier allows the MIT System to determine if the
stream is or is not E. coli. The Identifiers operate independently
and can be used simultaneously. For example, when
simultaneously using the genus Listeria and E. coli Identifiers,
the MIT 1000 can determine whether the test sample is from the
genus Listeria, E. coli, or neither, in one test.

Experimental

Apparatus

(a) MIT 1000 System.—Micro Identification Technologies.

Figure 8. Plots showing the convergence of identification
probabilities as a function of the number of events analyzed. As
additional cells of the unknown sample are measured, the
probability line of E. coli O157:H7 approaches 1 (100%) and all
others approach zero (0%). The MIT 1000 identified the sample as E.
coli O157:H7 after measuring and analyzing 20 cells (events).
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(b) Desktop computer with MIT RMID software.—Micro
Identification Technologies.
(c) Organism library license.—Full-time access to all MIT

Identifiers, Micro Identification Technologies.
(d) RMID Sample Vial.—Part No. 20007, Micro Identification

Technologies.
(e) RMID Sample Vial holder.—Part No. 10011, Micro

Identification Technologies.
(f) Pipets.—Capable of delivering 1 and 200 µL.
(g) Microcentrifuge.
(h) Vortex mixer.

Reagents

(a) Filtered water.—Prepared using a three-stage water filter
with a sediment filter, precarbon filter, and a 0.2 µm ultrafilter
filter, WQCFU-T-KIT, Watts Water Technologies (North
Andover, MA).
(b) Tryptic soy agar (TSA).—G62, Hardy Diagnostics (Santa

Maria, CA).
(c) Sheep blood agar (SBA). —A10, Hardy Diagnostics.
(d) Brain heart infusion (BHI) agar.—C5121, Criterion
(e) Luria–Bertani (LB) agar.—C6001, Hardy Diagnostics.
(f) Tryptic soy broth (TSB).—U65, Hardy Diagnostics.
(g) BHI broth.—C5141, Criterion.
(h) LB broth.—U35, Hardy Diagnostics.

Procedure

(a) Sample preparation from agar culture.—(1) Transfer
one isolated colony to 200 µL filtered water in a 500 µL
microcentrifuge tube using a sterile 1 µL plastic inoculating
loop.
(2) Mix on a vortex mixer for 20 s.
(3) Transfer 1–5 µL suspension to an MIT Sample Vial

containing 20 mL filtered water and seal with parafilm.
(4) Tip the sample vial and place it into the MIT 1000.
(b) Sample preparation from liquid culture.—(1) Transfer

100 µL broth culture to a microcentrifuge tube and centrifuge
at 4000 × g for 4 min.
(2) Remove the supernatant broth.
(3) Add 500 µL filtered water, mix on the vortex mixer, and

centrifuge at 4000 × g for 4 min.
(4) Remove the supernatant liquid.
(5) Resuspend the cell pellet in 1250 µL filtered water by

mixing on the vortex mixer for 20 s.
(6) Transfer 0.5 µL final bacterial cell suspension into theMIT

Sample Vial containing 20 mL filtered water and seal with
parafilm.
(7) Tip the sample vial and place it into the MIT 1000.
(c) Analysis.—Press the “Identify” button in the MIT 1000

User Interface Program. The identification test measures
10–40 events, taking from 30 s to 5 min to complete each
test depending on the sample vial concentration. The average
test time is 2 min. The results are displayed on the MIT 1000
User Interface and recorded. The Identification test result is
either an identification of the sample as given by one or more
Identifiers in use, or the result is “Unknown,” meaning the
measured sample was not found to match any of the
Identifiers in use.

Staphylococcus Species Identifier Development

To construct the genus Staphylococcus Identifier, the target
and converse strains listed in Table 2 were streaked for isolation
and grown on TSA at 37 ± 2°C for 18 ± 2 h (30,31,32). The target
strains included seven strains of S. aureus, one strain of S. capitis,
two strains of S. epidermidis, two strains of S. lugdunensis, one
strain of S. schleiferi, two strains of S. sciuri, and two strains of S.
warneri. The converse strains were composed of three species,
including four strains of E. coli, one strain of Proteus mirabilis,
and five serovars, including two subspecies of S. enterica. The
aim was to construct an initial Identifier that would detect a
number of different Staphylococcus spp. By using only the
strains listed in Table 2, it is possible that the resulting
Identifier is not inclusive of all known Staphylococcus spp.
Limited testing was performed on other Staphylococcus spp.
that were not S. aureus, S. epidermidis, or S. intermedius. See
Figure S1 for the identification test results of S. haemolyticus, S.
chromogenes, and S. xylosus grown on blood gar. Each of these
strains was correctly identified as belonging to the genus
Staphylococcus.
Samples of each target and converse strain were prepared

according to the method described above for sample preparation
from agar culture. Each sample vial was measured once for 1 h,
collecting measurements of approximately 1000 individual
particles. Additional sample vials were made and measured
until a total number of about 200 000 events were measured
for each target and converse strain. These measurements were
used to form histograms and/or probability densities and were
analyzed as described above. The Identifier was then constructed
from a collection of probabilities chosen and assembled by a
method proprietary toMIT. If a strain was identified as belonging
to the genus Staphylococcus, the MIT 1000 would display the
identification as a Staphylococcus sp.

Staphylococcus Species Identifier Performance
Testing

The performance of the genus Staphylococcus Identifier was
evaluated by performing identification tests on known bacterial
strains grown on solid or liquid media. In addition, a single-blind
identification experiment was performed on human clinical
isolates obtained from the Upper Peninsula (UP) Health
System in Marquette, MI. The samples were prepared and
identified using the following methods:
(a) Solid media identification performance testing.—The

bacterial strains listed in Table 3, except for B. subtilis, were
grown for 18 ± 2 h at 37 ± 2°C on SBA, LB agar, TSA, or BHI
agar. Samples were then prepared as described in the procedure
above. Each strain was measured in the MIT 1000 a minimum of
10 times using independent colonies for analysis.
(b) Liquid media identification performance testing.—A

select number of strains, listed in Table 3, were grown for
18 ± 2 h at 37 ± 2°C on SBA. For each strain, one isolated
colony was used to inoculate 2 mL TSB, 2 mL BHI broth,
or 2 mL LB broth. The broth tubes were shaken at 200 rpm for
18 ± 2 h at 37 ± 2°C. Following incubation, the samples were
prepared according to the procedure above. The wash step was
performed to remove any undissolved particulate matter present
in the growth media that might interfere with the identification
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process. Each strain was measured a minimum of three times in
the MIT 1000 using independent cultures for analysis.
(c) Clinical isolate performance testing.—To evaluate the

system’s ability to identify bacteria from patient samples
rather than laboratory strains, clinical isolates were obtained
from UP Health System–Marquette on SBA plates. In total, 90
clinical isolates were obtained in a single-blind manner. The
identities of the bacterial samples were known by UP Health
System–Marquette and unknown to our laboratory. Each SBA
plate was labeled with a five-digit identification number. The
set of clinical isolates included at least three different
Staphylococcus species (one strain was not identified to the
species level). as well as isolates from 10 other genera. The
number of Staphylococcus strains provided was unknown upon
arrival. Sterile SBA plates were labeled with a corresponding
identification number and each isolate was streaked for isolation
and cultured for 18 ± 2 h at 37°C. Each of the 90 blind-coded
clinical isolates was prepared using the sample preparation from
agar culture procedure described above. Each blind-coded clinical
isolate was independently measured a minimum of three times in
theMIT 1000 using a different colony from the sameSBAplate for
analysis. After completion of all analyses, results were compared

with the known identifications made by UP Health Systems
Microbiology Laboratories.

Results and Discussion

Performance Testing: Bacterial Strains Grown on Solid
Agar Media

For light-scattering technology to be useful in identifying the
genus Staphylococcus, the genus Staphylococcus Identifier
must be able to identify a variety of Staphylococcus species
and strains and not identify non-Staphylococcus strains as
Staphylococcus. To test the discrimination of the Identifier,
10 Staphylococcus strains, including 5 strains of S. aureus,
4 strains of S. epidermidis, and 1 strain of S. intermedius;
and 6 non-Staphylococcus species, including 3 species of
Streptococcus, 1 strain of Micrococcus luteus, 1 strain of E. coli,
and 1 strain of L.monocytogenes, were analyzed (see Table 3). Like
Staphylococcus, Streptococcus pyogenes, Streptococcus agalactaie,
Streptococcus salivarius, and M. luteus are Gram-positive cocci

Table 2. Target and converse bacterial strains used to construct the genus Staphylococcus Identifiera

Organism Source and strain Origin

Target bacterial strains

Staphylococcus aureus subsp. aureus ATCC 6538 Human lesion

Staphylococcus aureus subsp. aureus ATCC 9144 Unknown

Staphylococcus aureus subsp. aureus ATCC 25923 Clinical isolate

Staphylococcus aureus subsp. aureus ATCC 29737 Unknown

Staphylococcus aureus subsp. aureus ATCC 33591 Unknown

Staphylococcus aureus subsp. aureus ATCC 700698 Human sputum

Staphylococcus aureus subsp. aureus NRRL B-1448b Food poisoning

Staphylococcus aureus subsp. ureolyticus ATCC 49325 Human inguinal area

Staphylococcus epidermidis ATCC 49134 Clinical isolate

Staphylococcus epidermidis ATCC 49461 Clinical isolate

Staphylococcus lugdunensis ATCC 43808 Axillary lymph node

Staphylococcus lugdunensis ATCC 700328 Unknown

Staphylococcus schleiferi subsp. schleiferi ATCC 43808 Jugular catheter

Staphylococcus sciuri subsp. sciuri ATCC 29061 Southern flying squirrel skin

Staphylococcus sciuri subsp. sciuri ATCC 29062 Eastern flying squirrel skin

Staphylococcus warneri ATCC 17917 Skin

Staphylococcus warneri ATCC 49454 Unknown

Converse bacterial strains

Escherichia coli ATCC 8739 Feces

Escherichia coli ATCC 25922 Clinical isolate

Escherichia coli serotype O157:H7 ATCC 35150 Human feces

Escherichia coli serotype O157:H7 ATCC 700728 Unknown

Proteus mirabilis ATCC 25933 Human vagina

Salmonella enterica subsp. indica ATCC 43976 Unknown

Salmonella enterica subsp. enterica serovar Enteritidis ATCC 13076 Unknown

Salmonella enterica subsp. enterica serovar Enteritidis ATCC BAA-1045 Raw almonds

Salmonella enterica subsp. enterica serovar Tallahassee ATCC 12002 Unknown

Salmonella enterica subsp. enterica serovar Typhimurium ATCC 13311 Food poisoning

a Strains were grown on 5% SBA plates for approximately 18 h at 37°C.
b NRRL = U.S. Department of Agriculture, Agricultural Research Service Northern Regional Research Laboratory Culture Collection (Peoria, IL).
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(spherical in shape), thereby providing the greatest challenge for
the Identifier. E. coli, a Gram-negative bacillus, and L.
monocytogenes, a Gram-positive bacillus, should be less of a
challenge for light-scattering technology due to their rod-like
shape. Four different types of solid media were used to determine
whether the type of media had any effect on the ability of the
genus Staphylococcus Identifier to accurately identify the strains.
The type of growth media could potentially alter the

characteristics of the bacteria due to changes in gene

expression, which could result in changes in light-scattering

patterns.
A summary of the identification results can be found in

Figure 9. Each bacterial strain was individually measured a
minimum of 10 times in the MIT 1000. When grown on
SBA, BHI agar, LB agar, or TSA, the five S. aureus strains
were successfully identified as the genus Staphylococcus by the

Table 3. Bacterial strains used to test the performance of the genus Staphylococcus Identifier on solid or in liquid media

Organism Source and strain Origin

Inclusive strains

Staphylococcus aureus subsp. aureusa,b ATCC 25923 Clinical isolate

Staphylococcus aureusa,b BEIc HI022 Labial abscess

Staphylococcus aureus subsp. aureusa ATCC 29213 Wound

Staphylococcus aureus subsp. aureusa,b ATCC 6538 Human lesion

Staphylococcus aureusa BEI FN003BN2-C Nasal colonizer

Staphylococcus epidermidisa,b ATCC 49461 Clinical isolate

Staphylococcus epidermidisa ATCC 49134 Clinical isolate

Staphylococcus epidermidisa,b ATCC 35983 Human blood

Staphylococcus epidermidisa BEI SK135 Human skin

Staphylococcus intermediusa ATCC 29663 Pigeon nares

Exclusive strains

Streptococcus pyogenesa,b BEI MGAS 1882 Clinical isolate

Streptococcus agalactiaea,b BEI MNZ933 Human blood

Streptococcus salivariusa BEI SK126 Normal human skin

Microsoccus luteusa,b BEI SK58 Normal human skin

Bacillus subtilisb ATCC 11774 Unknown

Escherichia colia,b ATCC 29425 Unknown

Listeria monocytogenesa,b ATCC 19115 Human

a Strains tested on solid media.
b Strains tested in liquid media.
c BEI = BEI Resources (Manassas, VA).

Figure 9. Percent of bacteria measurements identified as a Staphylococcus sp. when grown on (a) SBA, (b) BHI agar, (c) LB agar, and (d)
TSA. Each strain was measured in the MIT 1000 a minimum of 10 times. Bacterial strains tested are as follows: (A) S. aureus ATCC 25923, (B)
S. aureus HI022, (C) S. aureus ATCC 29213, (D) S. aureus ATCC 6538, (E) S. aureus F003B2NL, (F) S. epidermidis ATCC 49461, (G) S.
epidermidis ATCC 49134, (H) S. epidermidis ATCC 35983, (I) S. epidermidis SK135, (J) S. intermedius ATCC 29663, (K) S. pyogenes
MGAS1882, (L) S. agalactiae, (M) S. salivarius SK126, (N) M. luteus SK58, (O) E. coli ATCC 29425, and (P) L. monocytogenes ATCC 19115.
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MIT 1000 Identifier 95–100%of the time; the four S. epidermidis
strains were successfully identified as genus Staphylococcus
92–100% of the time; and the one S. intermedius strain was
successfully identified as genus Staphylococcus 100% of the
time. These data suggest that the genus Staphylococcus can
be reliably identified based on the light-scattering properties
of the cells. Strain variation between different S. aureus
isolates had a minimal effect on correct identification. S.
epidermidis isolates showed the most variability of correct
identification. For example, S. epidermidis 49461 and 49134
were correctly identified 92% of the time on SBA, whereas S.
epidermidis 35983 was correctly identified 100% of the time.
These data suggest that within certain species of
Staphylococcus, strain variation has a minimal effect on
identification by light scattering. Growth of the strains
from the genus Staphylococcus on the media used in this
study also had no significant effect on their identification by
light scattering.
The misidentification rates for the non-Staphylococcus

bacterial species were also measured. A misidentification
in this study was defined as Streptococcus, Micrococcus,
E. coli, or L. monocytogenes being identified as genus
Staphylococcus by the MIT 1000. The Gram-positive cocci
had low misidentification rates. S. pyogenes yielded 5.3, 7.1,
5.3, and 0% misidentification; S. agalactiae yielded 6.3, 0, 0,
and 0% misidentification; S. salivarius yielded 7.1, 0, 0, and
0% misidentification; and M. luteus yielded 3.6, 0, 0, and 0%
misidentification when grown on SBA, BHI agar, LB agar,
and TSA, respectively. S. pyogenes was more likely to be
misidentified, and misidentification was more likely to occur
when Gram-positive cocci were grown on SBA. No
misidentifications were observed for E. coli and L.
monocytogenes grown on any of the four media. These
data suggest that non-Staphylococcus bacterial species,
even those that are similar in size and shape, such as
Streptococcus and M. luteus, are rarely misidentified as the
genus Staphylococcus by light scattering.

Instrument Performance Identifying Bacterial Strains
Grown in Liquid Media

If Staphylococcus cells grown on solid media can be identified
by laser light scattering, then it might be possible to use this
technology to identify bacteria grown in liquid culture. To test
this question, selected strains from Table 3 were first grown
overnight at 37°C on SBA media. One colony of each strain was
used to inoculate 2 mL TSB, 2 mL BHI broth, or 2 mL LB broth.
The broth tubes were shaken at 200 rpm for 18 ± 2 h at 37°C.
Following incubation, each sample was processed as indicated in
Experimental section. Each sample was measured in the MIT
1000 in triplicate using independent cultures for analysis.
The results of the identification of bacterial cells grown in

liquid culture are shown in Figure 10. All six Staphylococcus
strains were correctly identified 100% percent of the time as the
genus Staphylococcus regardless of the type of liquid medium
tested. All non-Staphylococcus strains tested were correctly
identified as non-Staphylococcus regardless of the liquid
medium type. Thus, for the strains tested, the broth cultures
resulted in better discrimination of the genus Staphylococcus
versus non-Staphylococcus than solid medium cultures.

Instrument Performance Identifying Staphylococcus
Species from Clinical Isolates

Bacteria isolated from infected individuals can vary
significantly from laboratory strains of the same species. For
example, pathogenic E. coli strains that infect people are
significantly different from nonpathogenic laboratory strains.
Previous studies (33) with E. coli have highlighted significant
differences in the genomes of laboratory strains and clinical
isolates, which may lead to phenotypic changes to the microbe’s
physical structure. To determine whether the MIT 1000 genus
Staphylococcus Identifier could specifically identify clinical
isolates from the genus Staphylococcus and distinguish them
from non-Staphylococcus isolates, a single-blind study was

Figure 10. Percent of bacteria measurements identified as a Staphylococcus sp. when grown in (a) TSB, (b) BHI broth, and (c) LB broth.
Bacterial strains tested are as follows: (A) S. aureus ATCC 25923, (B) S. aureus HI022, (C) S. aureus ATCC 6538, (D) S. epidermidis ATCC
49461, (E) S. epidermidis ATCC 49134, (F) S. epidermidis ATCC 35983, (G) S. pyogenes MGAS1882 (H) S. agalactiae MNZ933, (I) M. luteus
SK58, (J) E. coli ATCC 29425, (K) L. monocytogenes ATCC 19115, and (L) B. subtilis ATCC 11774.
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performed in collaboration with UP Health Systems–Marquette.
UP Health Systems–Marquette provided a random selection of
90 blind-coded bacterial samples isolated from different patients.
The isolates were provided on SBA plates and subjected to MIT
1000 identification testing according to the method for solid agar
plates. Each hospital isolate was measured in triplicate by the
MIT 1000. In all cases, the triplicate measurements for each
individual isolate returned the same identification result. The
MIT identifications were then compared with the identifications
determined by the UP Health Systems–Marquette microbiology
laboratory. The results shown in Table 4 indicate that of
the 90 bacterial samples provided, the MIT 1000 identified
30 samples as genus Staphylococcus. The other 60 hospital
isolates included other Gram-positive and -negative bacteria
as shown in Table 4. Comparison of the MIT 1000 results
with the hospital-determined identification indicated that the
MIT 1000 correctly identified 100% of the cultures that were
genus Staphylococcus and that no misidentifications occurred.

Conclusions

This study demonstrated a proof of concept that a novel laser
light-scattering technology could be used to identify bacteria at
the genus level by measuring light-scattering patterns off
unlabeled cells. Particle size, shape, surface structure, and

internal contents can all influence how a particular particle
will scatter light. Bacterial cells can be thought of as small
particles, and different species of bacteria have specific shapes,
sizes, and internal characteristics that cause them to scatter laser
light into distinctive patterns. These light-scattering patterns can
be analyzed in the MIT 1000 and compared with known light-
scattering patterns established for a particular genus or species of
bacteria. Our study results demonstrated that light scattering
could be used to successfully identify select strains from the
genus Staphylococcus grown on four commonly used laboratory
agar media with over 90% accuracy and distinguish the light-
scattering patterns of the genus Staphylococcus from
morphologically similar strains, such as Streptococcus and
Micrococcus. Liquid culture using three common nonselective
broths yielded 100% accuracy in identifying strains from the
genus Staphylococcus and distinguishing from them non-
Staphylococcus bacteria. In addition to laboratory strain
testing, the data from a single-blind study using clinical
isolates demonstrated that the MIT 1000 was highly
successful at identifying clinical strains of S. aureus from
SBA. The data in Figures 9 and 10 and Table 4 demonstrate
that the MIT 1000 can accurately identify both laboratory and
clinical strains of Staphylococcus from solid media and
laboratory strains from liquid media. The MIT 1000 light-
scattering technology allowed identification of bacteria from
an isolated colony or pure liquid culture in less than 5 min.
Additionally, the plastic tube, plastic loop, parafilm, water, and
reusable sample vials needed to run the test are fairly inexpensive
compared with other testing methods. The speed and cost-
effective nature of the test may further support its application
in industries seeking rapid-identification technology.
Future directions are to further refine the genus

Staphylococcus Identifier and develop a more specific
Identifier for S. aureus. A cost-effective method to rapidly
identify S. aureus from colonies could have valuable use in
monitoring food safety. The use of this technology could also
have benefits for medical diagnostics and other industries
seeking faster bacterial identification.
A current limitation of this technology is that it still requires

the growth of colonies on agar plates or in a pure liquid culture,
which can take approximately 16–18 h for some bacteria, like
E. coli or S. aureus. In principle, the laser light-scattering
technology only needs cells, not colonies, for identification.
To reduce the time for bacterial identification, in the future
we aim to couple light-scattering technology with
immunomagnetic separation (IMS) of bacterial cells. IMS
techniques already exist for S. aureus and only take a few
hours (34, 35) to complete. Essentially this process uses
magnetic beads coupled with an antibody that binds to a
specific S. aureus protein. Anti-protein A antibodies coupled
to the beads specifically bind to the protein A on the surface of
S. aureus cells. After the beads bind S. aureus cells, they can be
captured in a magnetic field (36) and separated from other
microorganisms, cells, or food particles in a liquid matrix. A
similar IMS method for S. aureus utilizes magnetic beads
coupled to mannose-binding lectin that binds to carbohydrates
on the surface of S. aureus cells (33).
To develop a rapid-identification procedure for S. aureus, a

food sample, clinical sample, or other liquid matrix could be
mixed with anti-protein A beads or mannose-binding lectin
beads. A magnetic field could be used to specifically capture
S. aureus cells. A future goal is to recover the S. aureus from the

Table 4. Summary of single-blind clinical study results

Species of clinical isolatesa nb Xc

Corynebacterium diphtheriae 1 0

Corynebacterium sp. 1 0

Enterobacter cloacae 1 0

Enterococcus faecalisd,e 13 0

Enterococcus faeciumd,e 1 0

Enterococcus sp.d,e 2 0

Escherichia coli 14 0

Klebsiella pneumoniae 5 0

Neisseria sp.e,f 1 0

Proteus mirabilis 4 0

Providencia rettgeri 1 0

Pseudomonas aeruginosa 2 0

Staphylococcus aureusd,e 16 16

Staphylococcus aureus (methicillin-resistant)d,e 8 8

Staphylococcus epidermidisd,e 4 4

Staphylococcus simulansd,e 1 1

Staphylococcus sp. (coagulase-negative)d,e 1 1

Streptococcus group Ad,e 4 0

Streptococcus group Bd,e 4 0

Streptococcus group Cd,e 1 0

Streptococcus group D (not Enterococcus sp.)d,e 1 0

Streptococcus pneumoniaed,e 1 0

Viridans streptococcid,e 3 0

a Genus/species determination was made by the clinical laboratory.
b n = Number of isolates tested.
c X = Number of isolates identified as genus Staphylococcus by the

MIT 1000.
e Gram-positive cocci.
f Gram-negative cocci.
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beads and subject it to identification by laser light scattering. This
could potentially reduce the identification time from 16–18 h to
less than a typical 8 h work shift.
A critical part of identifying IMS-captured bacteria with

laser light scattering would be that these cells would be
growing in a liquid culture media. Our results in Figure 10
suggest that MIT 1000’s laser light technology can accurately
identify Staphylococcus cells grown in several nonselective
liquid culture broths. Therefore, it should be possible to
couple IMS to rapid identification by laser light scattering.
Coupling light scattering-based identification to IMS-
captured cells remains to be tested, but if successful, the
economic and health benefits derived from reduced time to
identification would be obvious.
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