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¢ Abstract

Research involving bacterial pathogens often requires enumeration of bacteria colonies.
Here, we present a low-cost, high-throughput colony counting system consisting of col-
ony counting software and a consumer-grade digital camera or document scanner. We
demonstrate that this software, called “NICE” (NIST’s Integrated Colony Enumerator),
can count bacterial colonies as part of a high-throughput multiplexed opsonophagocy-
tic killing assay used to characterize pneumococcal vaccine efficacy. The results
obtained with NICE correlate well with the results obtained from manual counting,
with a mean difference of less than 3%. NICE is also rapid; it can count colonies from
multiple reaction wells within minutes and export the results to a spreadsheet for data
processing. As this program is freely available from NIST, NICE should be helpful in
bacteria colony enumeration required in many microbiological studies, and in standar-
dizing colony counting methods.  Published 2010 Wiley-Liss, Inc.’
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ACCURATE colony counting of bacteria is crucial for quantitative, precise assess-
ment of pathogens in clinical research and diagnosis. Although manual counting
remains the gold standard, this tedious process is difficult to implement for high-
throughput assays due to low speed and inconsistent results. Automation of colony
counting has been of increasing interest for many decades (1-3), and these methods
have been shown to be more consistent than manual counting (1,4). Herman et al.
(5) demonstrated that automated colony counts had significantly less variation when
reanalyzing plates than those manually determined by individual or multiple obser-
vers. Similarly, Lumley et al. (6) attributed the significant disparity in colony forming
unit granulocyte-macrophage assay results across laboratories to differences in colony
counting. Commercial products exist to facilitate accurate colony counting, ranging
from manual counting aids (e.g., counting pens) to all-in-one platforms including
image acquisition, processing, and analysis. Yet, fully automated counting systems
also capable of batch processing multiple images at once can be prohibitively expen-
sive for small labs and large facilities may necessitate multiple counting instruments.
For these reasons, alternatives to commercial products using consumer-grade equip-
ment, such as document scanners (7-13) or digital cameras (11,14-17), have been
explored.

Colony counting can be affected by numerous parameters related to the physical
properties of the colony: size, shape, contrast, and overlapping colonies. Common
pitfalls in colony identification, such as separation of clustered colonies, minimum
colony sizing and contrast, and analysis near the plate periphery, have been widely
discussed (2,4,8). Determinations of overlapping colonies have been deduced by
shape analysis (10), object-recognition using the Fuzzy formalism (8), and principal
components analysis (12). Alternatively, instrumental techniques can be used to
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improve the contrast and separation of colonies, such as using
the colony to act as a lens (2) or reflective surface (18). Rigor-
ous standardization of the colony counting procedure based
on imaging techniques requires full assessment of the optical
response performance (e.g., background noise, contrast, reso-
lution, etc.) of the image acquisition tools. Furthermore, any
quantitative image analysis software must be based on a flex-
ible algorithm with tunable parameters to optimize the results.
When considering automated colony counting, or manual
counting from a digital image, the process in which the image
is acquired introduces other important factors: resolution, file
size/data management, sample lighting, and instrument uni-
formity. Counting of bacterial colonies has been of increasing
importance in recent efforts in the determination of the vac-
cine efficacy against Streptococcus pneumoniae, a leading cause
of infectious disease in children and the elderly (19,20). There
is a continued need for the expansion and modification of the
vaccines to account for the changing prevalence of pneumo-
coccal serotypes (21). Changing the constituents of the vac-
cines requires that the new formulation be proven as effective
as a previous formulation by characterization of the antibody
response.

The opsonophagocytic killing assay (OPA) is a widely
accepted method for the quantitation of functional antibodies
against S. pneumonia (22). Unlike the enzyme-linked immu-
nosorbent assay (ELISA), which measures both functional and
nonfunctional antibodies (23), the OPA directly measures
antibodies that both coat the surface of the bacteria (opsoniza-
tion) and induce the subsequent uptake and killing (phagocy-
tosis) of pneumococcal strains. A high-throughput multi-
plexed opsonophagocytic killing assay (MOPA) was developed
to reduce serum requirements by allowing multiple serotypes
to be measured in parallel (24,25). Analysis by MOPA requires
the counting of bacterial colonies within multiple spots on a
Petri dish. For the analysis of multiple dishes, manual count-
ing of each plate is not feasible due to the sheer number of
plates involved. Therefore, a significant need exists for colony
counting techniques that are amenable to the MOPA format.

When implementing a colony counting protocol for
MOPA using optical imaging techniques, the complete process
of sample handling, image acquisition, and analysis must be
carefully considered. Because the ideal image acquisition and
analysis parameters may differ across various species of bacte-
ria, we will tailor our initial analytical methods for the pneu-
mococcal colonies observed in MOPA. Intensive algorithms
involving distance transforms (4,13), model-fitting (26), or
user-guided watershed algorithms (27) are currently nonideal
for measuring the several thousand colonies per assay plate
that may exist in MOPA. Here, we focus on developing simple
image acquisition methods that can be readily assembled and
provide a user-friendly image processing program designed
for the MOPA platform. Precise colony enumeration within
10% is vital, but does not encompass the entirety of the
requirements. High-throughput analysis is critical, users must
be able to image plates quickly, and image analysis should be
performed with minimal intervention. We detail the validation
of document scanner- and digital camera-based colony count-
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ing protocols. In addition, we describe and make a publicly
available colony counting software package, NIST’s Integrated
Colony Enumerator (NICE).

MATERIALS AND METHODS

Preparation of Agar Plates Containing
Bacterial Colonies

As an initial model system, colonies of nonpathogenic
Escherichia coli (strain DH50) were used. Various dilutions of
E. coli were prepared in Hanks’ Balanced Salt Solution, and
10 uL of the diluted bacteria were spotted onto multiple areas
of an agar plate (Todd-Hewitt broth containing 0.5% yeast
extract and 1.5% agar). After absorption, an agar overlay
(Todd-Hewitt broth containing 0.5% yeast extract and 0.75%
agar, plate size is 100 cm?®) containing 2,3,5,-triphenyltetrazo-
lium chloride (TTC), a dye indicative of cellular metabolism
that stains the colonies deep red with no coloration of the agar
(24,28), was added. These E. coli colony samples were used for
the initial development and adjustment of the image acquisi-
tion protocol and for initial testing of the image analysis soft-
ware.

Later development and characterization of NICE utilized
plates containing pneumococcal colonies from the MOPA.
The MOPA protocol has been described previously
(24,25,29,30). Briefly, HL-60 cells, test serum, baby rabbit
complement and pneumococcal target strains are mixed. After
incubation, 10 uL of the final reaction mixture from multiple
wells are spotted onto agar plates (same as above). Plates are
then overlaid with agar (same as earlier) containing TTC,
incubated overnight, imaged, and the colonies enumerated.

Image Acquisition

Two methods were used to acquire images of agar plates.
In the first, plates were placed on a scanner (HP Scanjet
G4010, Hewlett-Packard, Palo Alto, CA), covered by soft gloss
paper (HP LaserJet soft gloss paper), and 8-bit grayscale
images of the plates were obtained at 300 dpi (dots per inch;
~118 dots per cm), 600 dpi (=236 dots per cm), and 1,200
dpi (/2472 dots per cm). In the second approach, images were
acquired with two digital cameras: a Sony Cyber-shot DSC-H2
(6 megapixel) or a Canon PowerShot SX110 IS (9 megapixel).
A camera was mounted on an imaging stand (Mini Repo,
Industria Fototechnica Firenze, Calenzano, Italy) with the
sample placed on top of an illuminator (Mighty Bright Visible,
Hoefer Scientific Instruments, San Francisco, CA) as shown in
Figure la. The distance from the camera to the sample was
approximately 15 cm for 24-spot plates. The shutter speed,
aperture, and focus were operated manually. Optimal settings
were shutter speed of 1/100 s, f4.0, and ISO setting of 80.
Images were acquired at the maximum resolution of the cam-
era with no zoom.

Software
NICE was programmed in MATLAB (Mathworks, Natick,
MA) and has been compiled to run using the distributable
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Figure 1. (a) A schematic of an imaging station using a digital camera. The camera was positioned so that the Petri dish barely filled the
view field. A positioning guide enabled fast placement of plates. (b) Example of NICE after an image is counted. Displayed is an image
with 24 ROIs with minor position adjustments. Counts for each ROI are displayed in blue. (¢) General procedure used to count colonies in
NICE. The threshold is calculated dynamically for each image. Minima are compared with this threshold to determine their validity. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

MATLAB compiler engine. Details regarding software
operation are extensively described in the NICE manual
(http://physics.nist.gov/nice). Here, we provide a brief synop-
sis. The main window of NICE is presented in Figure 1b. Users
can load a single image or a batch of images. Images imported
into the software will be converted to grayscale (using the
image luminance). Modifications to the counting algorithm
can be performed by changing the threshold or changing the
resolution function (degree of smoothing and expected
minima size). The latter is designed to optimize the counting
algorithm for scanned images of high (1,200 dpi) to low reso-
lution (300 dpi). A grid of analysis regions of interest (ROIs)
is created by entering the desired row and column dimension
(e.g., 8 X 3 for a plate containing 24 spots). The user can
define a parent ROI, which will confine image analysis to a
subregion of the image. ROIs can be moved and resized with
ease, and it is possible to scroll between all of the loaded
images. All images can then be counted without further user
intervention. Once counting has completed, the user can
review each counted image if desired, and export the results to
a text or Microsoft Excel file.

NICE operates by combining extended minima and
thresholding algorithms (Figure 1c). A Gaussian smoothing
function is applied to the image to remove pixel noise prior to
minima analysis. The extended minima function is used to
find the center of the colonies which can be viewed as regional
dark (low) points. Choosing this regional method allows for
colonies to be identified based on the local contrast, and there-
fore is not significantly influenced by contrast changes due to
artifacts such as shadows. In addition, the minima function
can also distinguish touching colonies where the darker colony
centers are still separable.

Thresholding is performed by automatic analysis of the
image. Signal from the background (agar) dominates the
image histogram. This signal is fitted to a Gaussian distribu-
tion function and guides the threshold choice. The Gaussian
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center minus 3 to 6 standard deviations (o) are selectable
thresholds. Alternatively, the Otsu threshold function (31) or
a manually entered value can be used as the threshold. Auto-
mated thresholding allows for plates with varied contrast due
to changes in lighting or agar thickness to be measured with
minimal user intervention. The identified minima are slightly
dilated and the mean intensity within the minima of each col-
ony is compared against the threshold. If the mean is below
the threshold, it is considered to be a valid colony. Colonies
vary dramatically in size depending on the colony density and
other growth conditions. For this reason, size was not consid-
ered as a selecting factor for colony analysis. This allows for a
greater variety of colonies to be analyzed within single plates
and among plates in batch processing.

REsuLTS

TTC and Contrast

Any protocol for colony counting by staining must con-
sider the impact of dye concentration on the final image con-
trast. Plates with and without E. coli were stained using TTC
concentrations ranging from 0 to 125 ug/mL. These plates
were scanned at 1,200 dpi and further analyzed. Histograms of
the colony intensities (determined from the mean of the
extended minima for each colony) were calculated and com-
pared to the histogram of the entire plate (Figure 2). Corro-
borating the visual inspection, the histogram confirms that
TTC concentration has no effect on the background intensity.
TTC concentrations below 12.5 ug/mL produced insufficient
contrast for automated counting and were not studied further.
Contrast further improves until 50 ug/mLTTC at which point
more dye does not improve the image. By this analysis, we
conclude that a TTC concentration of 25 ug/mL is sufficient
to produce an image with high contrast between the colonies
and the agar.

Automated Counting of Bacterial Colonies
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Figure 2. Histograms of the mean intensities of colony minima
(solid lines) and histogram of the entire plate (dashed lines) as a
function of TTC concentration. The threshold line of the Gaussian
center minus 5¢ is displayed as a dotted line. Colonies stained
with 2.5 ug/mL TTC or no TTC did not possess a significant con-
trast and are not presented here for clarity. A minimum TTC con-
centration of 25 ug/mL is required for high contrast between the
background and colonies. TTC concentration has no significant
effect on the histogram of the background intensities.

Scanner validation

Scanner image uniformity was evaluated by scanning a
standard reflectance plaque (Avian Technologies, Sunapee NH,
data not shown). The image area displayed exceptional uni-
formity (0.12% relative standard deviation). There is higher
deviation (15%) at the vertical edges due to diffraction, ren-
dering about 2 mm of either side nonideal for colony meas-
urements. These deviations will have negligible effect on col-
ony counting because this deviation region will be occupied by
the plate walls. To ensure that local measured intensities (e.g.,
colonies) are not affected by the nearby background intensity,
we scanned a reference density step chart (Edmund Optics,
Barrington, NJ) surrounded by either white photo paper or
black plastic, corresponding to the scanner’s maximum and
minimum gray levels, respectively. Although the effective
luminance is higher when white paper is used, the measured

a) 1200 dpi b) 600 dpi

gray level step differences are unaffected. As a final contrast
test, we cut out and placed pieces of these grayscale charts on
agar plates as mock colonies. These “colonies” retain the same
grayscale intensity regardless of their location on the agar or
the agar TTC concentration.

Scanner image dimensions were checked to confirm that
the dpi rating matched the physical size. For all resolutions,
back-calculated image sizes were within ~1% deviation from
the actual image sizes, and this deviation is considered to be a
negligible factor for colony counting and sizing. Colony sizes
vary greatly, and in the MOPA numerous small colonies are
observed. Typical colony sizes observed in Figure 3 range from
0.2 to 0.4 mm in diameter, but smaller and larger colonies, 0.1
to 0.7 mm in diameter, were also observed. Colony sizes deter-
mined by the scanner were compared to those found using a
40X magnification confocal laser scanner. The results were
similar with the flatbed scanner reporting slightly smaller col-
ony sizes (~8% smaller).

Digital Camera Validation

A typical digital camera setup (Figure la) produces
higher spatial variance than the document scanner. This is
caused by any number of factors such as illuminated field non-
uniformity, lens distortion, difference in planar angles between
the illuminated plate and the camera, and sources of stray
light from ambient lighting. Imaging plates on a bacKklit illu-
minator box with dim or no overhead lighting eliminates sha-
dows and glares. A typical field-illuminator results in approxi-
mately 5% standard deviation in intensity over the imaging
area. Illuminating the sample from the same side as the cam-
era, i.e., in reflection mode, is inadvisable due to severe degra-
dation of the quality of the imaging field. Glare or shadow sig-
nificantly changes both the dynamic range of the image con-
trast and the background intensity profile, causing difficulties
in precisely determining the threshold intensity. In this case,
the background intensity histogram exhibits multiple peaks
due to the heterogeneous background with regions of shadow
or glare. The Gaussian fitting of the background intensity his-
togram performs poorly and the resultant fit broadens from a
full-width at half max of 12 to 28 in the 256-level grayscale.

c¢) 300 dpi d) Camera

Figure 3. Colony images obtained with a scanner at different resolutions (1,200 to 300 dpi). Differences in the signal-to-noise level are
readily apparent. Small colonies in the 300 dpi image are difficult to discern. Both the 600 and 1,200 dpi images are able to distinguish all
the colonies, though these colonies are sharper in the 1,200 dpi image. Two digital cameras (9 megapixel shown here) result in similar

quality images to 600 dpi resoltuion. Scale bar is 0.5 mm.
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Table 1. Acquisition and analysis parameters of the document
scanner and camera (9 megapixel model) for images of a 24-spot
plate.

RESOLUTION ACQUISITION ANALYSIS FILE
(DPI) TIME (S) TIME (S) SIZE (MB)
300 17 3 0.5
600 40 8 1.7
1,200 126 24 6.4
Camera <1 12 2.9

Time does not include other acquisition steps (e.g., sample
placement, initial scan to find plate location, focusing).

Samples imaged using overhead lighting resulted in ~11%
fewer counted colonies compared to the sample image using a
field-illuminator (n = 24).

Image Acquisition Factors

We scanned the plates at different resolutions (75-1,200
dpi), and took images using the digital cameras (Figure 3).
Examining the quality of the images at these different resolu-
tions illustrates the necessity for high-resolution imaging of
the small colonies. The digital camera images are similar in
quality to the 600 dpi resolution scan. The time to scan an
image of a 24-spot plate is shown in Table 1. Compared to the
600 dpi image, the contrast in the 300 dpi image is severely
reduced. While it may be possible to count the majority of
colonies present, the result will be highly dependent on setting
the parameters for the counting algorithm, more so than for
the higher resolution (600 dpi or 1,200 dpi) samples. The con-
trast of the 600 dpi image should be sufficient for accurate
counting of colonies in this study. Despite the clearer image at
1,200 dpi, the longer acquisition time, larger file size, and
increased processing time become significant barriers to high-
throughput analyses.

We then compared the counting results under different
resolutions and analyzed the sources of discrepancy. To this
end, the same plates were scanned at 300, 600, and 1,200 dpi,
and the results were analyzed. The 1,200 dpi scan was consid-
ered to represent the true count and sizing, and the counts
from this high-resolution image were compared to the counts
of the 600 and 300 dpi scans. For one 24-spot plate with a
high CFU/spot (137 CFU/spot on average), a total of 3,311
colonies were found with a mean colony area of 0.054 4 0.024
mm? at the 1,200 dpi resolution. When the resolution was
lowered the number of colonies decreased. We consider there
to be two sources of undercounting: exclusion and combina-
tion. Exclusion refers to a colony that simply is not counted.
Its size and contrast have become insufficient for detection.
Combination is the merging of two distinct colonies (as deter-
mined by the high-resolution image) into one colony in the
lower resolution image causing the reduction in total counted
colonies. Comparing the 1,200 dpi and 300 dpi resolution
images, we determine the number of colonies lost from 300
dpi images to exclusion and combination are 393 colonies
(11.9%) and 63 colonies (1.9%), respectively. The sizes of
colonies missed due to exclusion are typically smaller (mean
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colony area of 0.033 £ 0.013 mm?) than those of combined
colonies (mean colony area of 0.045 £ 0.011 mm?). In the
analysis of 600 dpi images, far fewer colonies are excluded (38
colonies, 1.1%) or combined (8 colonies, 0.2%). The colony
density has a significant impact on this resolution-dependent
counting. When scanning low density colony spots (=6 CFU/
spot), there were no counting differences among the results
from the three different resolutions (131 colonies total). Colo-
nies tend to grow to a larger size (0.12 £ 0.03 mm?) and are
more dispersed in such low-density spots.

NICE Performance

Combining the threshold and extended minima algo-
rithms produced an effective counting process. An example
image of the counting results is presented in Figure 4. Bacterial
colonies are observed to grow in circular or oval shapes. This
image presents challenging features for counting: neighboring
colonies have merged (gray arrow A), and colony sizes and
contrast vary greatly. The extended minima function allows
for clear separation of nearest neighboring colonies (gray
arrow A) which is difficult for images analyzed only by thresh-
olding. The mean intensities of these minima are compared
against the thresholded image. Comparing the mean intensity
of colony minima against the threshold eliminates low-con-
trast noncolony objects such as dust or scratches. A small spot
in the image (gray arrow B) was detected by the minima, but
rejected by the threshold. The final result is a counted image
with high precision.

Any colony counting platform must match well with the
current gold standard of manually determined counts. As a
first step, we compared the counts determined by NICE with
the manually counted results from a reference plate. The
counts from NICE are in strong agreement with the manual
counts (Figure 5a), with all values within 10% of the manually
determined number. The mean absolute error was 2.7% (n =
48). Slight overcounting can occur for colony densities of 50—
150 CFU/spot, while undercounting can occur above 200
CFU/spot. Despite the minima function accounting for many
overlapping colonies, if sufficient colony density exists, some
colony doublets may be counted as a single colony. Although
it would be possible to include shape analysis of the colonies
to reduce the error caused by such cases, we decided that
increased analysis speed was crucial, and that a colony count
error below 5% error with less than 300 CFU/spot was accept-
able. The precision of NICE was further evaluated by compar-
ing NICE to the commercial counter, ProtoCOL (Symbiosis,
Cambridge, UK). The counts generated by NICE and Proto-
COL are in excellent agreement (n = 480). Some scatter exists
between the methods; however, they remain within 10%
deviation (Figure 5b). In the MOPA, the opsonization index
for each test sample is calculated by plotting the CFU/spot as a
function of serum concentration (Figure 5¢), and the serum
concentration resulting in 50% killing is interpolated. The op-
sonization index was determined using the counts from Proto-
COL and NICE for 29 test samples. The mean difference in
the ProtoCOL and NICE opsonization index was less than
1%, with the maximum difference being less than 5%.

Automated Counting of Bacterial Colonies
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Figure 4. lllustration of the colony counting procedure. (a) The initial image has many colonies present. (b) A thresholded image is shown
as an example. The threshold was determined by using the Gaussian center minus 5¢. During analysis the threshold image is never explic-
itly calculated, but is shown here to foster understanding. (¢) The extended minima of the original image are shown. The white spots indi-
cate the centers of the colonies. (d) The counted colonies are presented with a red crosshair indicating a valid colony. Scale baris 1.0 mm.

In addition to counting accuracy, techniques such as
MOPA demand the ability to analyze large numbers of plates.
We used NICE to count 80 agar plates (the number of agar

plates in a standard MOPA experiment), and the program was
able to handle this number of images without difficulty. The
time to count plates was fairly linear: the image processing

a b c
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Manual counts

Counts using ProtoCOL

Serum Dilutions

Figure 5. (a) Comparison of colony counts determined by NICE and by manual counting (n = 48). (b) The number of colonies determined
using a digital camera and NICE were compared to those determined by the commercial ProtoCOL system (n = 480). The solid line repre-
sents a slope of 1. Dashed lines are 10% deviations. (c) Example MOPA data for five samples. Samples 1, 2, 3, and 5 have a detectable op-
sonization index (Ol). Sample 4 has no detectable Ol since it did not kill at least 50% of the bacteria.
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times for 5, 20, and 80 plates were 58, 233, and 962 s, respec-
tively. Although this time only includes the processing time, it
should be noted that no user intervention is required.

DiscussioN

Document scanners have an exceptionally simple setup
enabling automated colony counting with minimal user inter-
vention and no additional equipment. In general, there is no
need to control data acquisition parameters except for the
image resolution. The uniform illumination through the sam-
ple plate eliminates most artifacts, such as shadows and glares
that are often seen in the nonoptimized camera-based plat-
form. Although digital cameras capture images of the exposed
agar plate from the top, document scanners image the plate
from the bottom and therefore are more susceptible to errors
caused by scratches in the plate bottom. Typically, scratches
appear lighter in the image than the agar and are unlikely to
be mistaken as colonies. Rarely, a line scratch crossing over a
single colony resulted in double-counting. Illumination sha-
dows caused by the plate edge can obstruct colony counting in
either technique; however provided that the spots are mod-
estly removed from the plate edges, this was typically insignifi-
cant. Artifacts in the agar matrix itself, such as bubbles in the
media or contaminants, affect both techniques equally. The
main disadvantage of the document scanner is the long ima-
ging time. Although this time can be decreased by scanning
multiple plates simultaneously (10), it is still a comparatively
slow method at higher resolutions (600 or 1,200 dpi). Digital
cameras require a more advanced setup and additional equip-
ment, but the imaging time can be much less. Finding the
optimal positioning and manual focus settings can be challen-
ging because of the small colony size. However, after this ini-
tial setup, a large number of images can be acquired without
further adjustment.

Although no single imaging and analysis platform is ideal
for all colony measurements, freely distributable programs
allow for ready comparison for the development and refine-
ment of other imaging methodologies. NICE has the advan-
tage that it can be freely distributed and can serve as a stand-
ard reference counting algorithm among laboratories. NICE
reads standard image formats, and therefore may be used in
conjunction with many imaging systems. NICE is not without
limitation: imaging and processing are separate components
of the process, and it relies on the initial careful setup of an
imaging platform. However, with the simple cost-effective
imaging platform design and software, NICE can serve as a
preliminary counting tool, a supplement to commercial coun-
ters, or as a routinely used program for clinical research.

Although designed for MOPA, NICE may be used or
adapted for other colony counting systems. NICE may be
readily applied to the counting of any bacterial colony posses-
sing optical characteristics similar to E. coli and S. pneumo-
niae. Adaptations to the image processing algorithms would
allow NICE to count colonies of substantially different appear-
ance, such as those with poorly defined boundaries. Colonies
imaged via fluorescent markers may be analyzed by inverting
the image contrast. NICE could be applied to general bacteri-
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cidal assays (32), and vaccination efficacy studies for other
bacteria, such as cholera (33), pertussis (34), or salmonella
(35).
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