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Microscopy is one of the most important techniques in micro-
bial ecology, since this is the most direct approach to examine the
microbe's world from its own perspective and spatial scale. The value
of quantitative microscopy in studies of microbial ecology can be
increased even further when used in conjunction with computer-
assisted image analysis. There are two main advantages of using
digital image processing and pattern recognition techniques in
conjunction with microscopy for quantitative studies of microbial
ecology. First, automatic image analysis reduces the amount of
tedious work with microscopes needed to accurately quantify in
situ morphological diversity, abundance and metabolic activity of
microbes. Secondly, these techniques provide an important quan-
titative tool that can significantly enhance the polyphasic analysis
of the structure, diversity, spatial features, and functions of complex
microbial communities in situ without cultivation.

One of the most important and yet most tedious tasks per-
formed during microscopical analysis of microbial communities
is the classification of observed cells into known morphological
categories and recognition of new categories as well if new distinct
characteristics are captured. Use of morphological diversity in evalu-
ations of microbial community structure is more useful and valid
if the cells are actively growing rather than in a non-growing state
of quiescence, since the latter is more commonly associated with
pleomorphic dwarf cells. This is because distinctive cell morpholo-
gies reflect the phenotypic expression of complex networks of genes
involved in the synthesis and maturation of the shape-determining
murein sacculus, plus other genes dedicated to the cell division cycle
that are primarily expressed during active growth.

A major challenge in microbial ecology is to develop reliable
and facile methods of computer-assisted microscopy that can ana-
lyze digital images of complex microbial communities at single cell
resolution, and compute useful quantitative characteristics of their
organization and structure without cultivation. Although several
image analysis systems can classify microbes according to their cell
size, automatic classification of cells according to their distinctive
morphology (a dimensionless characteristic based on several shape
features) represents a much more challenging task. Most commercial
image analysis systems include some shape measurement features
that compute the roundness or circularity of cells, and these char-
acteristics are sufficient to distinguish regular rods and cocci, the
most common shapes of bacteria. However, the difficulty increases
with morphological diversity, since automatic classification of most
other microbial morphotypes requires measurement of multiple
shape and size features to resolve the distribution of their morpho-
logical space. Some custom image analysis systems are adequate
for automatic shape classification of spheres, straight rods, and
vibroids or prolate spheroids. This represents the morphological
diversity of some marine bacterioplankton communities. How-
ever, comprehensive image analysis systems capable of automati-
cally classifying much broader morphological diversity in complex
bacterial communities, as commonly exists in nutrient-enriched
habitats containing actively growing bacteria that are larger in size
and typically monomorphic, did not exist prior to development of
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Fig. 1, Actively growing microbtahominunities catitain a large diversity
of bacterial morphotypes, as shown directly by this phase contrast light
photomicrograph- of bovine rumen fluid. Acquiring an image similar to
this image far the-cover of Sergey's Manual was my spark of inspiration to
develop CMEIAS.

our new software application.
This recognition of the need to develop a comprehensive com-

puter-aided image analysis system that could extract from images all
the information needed to recognize and classify the morphological
diversity component of microbial communities came to a pinnacle
when I was preparing photomicrographs of the microbial commu-
nity in the bovine rumen for the cover illustration of the 91h Edition
of Bergey's Manual of Determinative Bacteriology (Fig. 1).

That work clearly indicated the following key points:
» Contrary to current popular thinking about microbial commu-

nity analysis, microscopy does reveal significant morphological
diversity in complex, actively growing microbial communities.

• Automatic morphotype classification of complex communities
exhibiting high morphological diversity will require development
of a more flexible and robust computer-assisted image analysis
system than those currently available.

• Phase-contrast light microscopy of dispersed samples immo-
bilized on agarose-coated slides is a simple yet effective direct
method to acquire images with the resolution and range of object
brightness at high magnification that are sufficient to reveal the
rich morphological diversity of actively growing microbial com-
munities. Its essential requirements to detect microbes are that
their size exceeds the -0,2 fim limit for light microscopy, their
refractive index differs from that of the surrounding medium,
and high-quality optics are available to acquire the images.

A team of microbiologists, mathematicians, and computer

Fig. 2.) A high quality 8-bit grayscale, digital image is first edited in
an image editing program such as Adobe Photoshop so that all foreground
objects of interest have a brightness range outside that- of background, and
then converted into a binary image using UTHSCSA ImageTool Vet. 1.27.
In this example, two binary composite images were made, each contain 170
microbes representing the distribution of inorphotype.abundancein different
(A and B) anaerobic bioreactor communities. Bar s-cales equal Wftm,
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Whether it is Digital Image Analysis,
X-ray Mapping or Quantitative EDS you are
looking fur, IXKF has your solution. Designed
to meet the analytical needs of you, the user,
simple yet powerful tools provide a price to
performance ratio that is unparalleled.

41 Flexible, full customization
throughout the software

# Comprehensive, adaptive spectrum
processing and the highest level of
quantitative analysis

Powerful, automated, and complete
statistical digital image analysis that
includes Feature Analysis on phases
or particles

Highly interactive, showcase, full-
spectrum x-ray mapping that includes
fractionated phase or chemical
composition statistical analysis

Remember: As evidence of our
commitment to our customers, IXRI- will
provide Free software upgrades for as long as
you own your system. Our software is
improved and upgraded largely based on
customer suggestions.

But this should be old news. Over the past
decade IXKF has fundamentally changed the
industry. As another example of our
dedication to innovrion, we are offering, with
an industry first, the addition of small-spot
XRF analysis to the world of Scanning
Electron Microscopy. Experience elemental
sensitivities and detection limits that are 10-
100 times greater than electron beam
excitation. Imagine looking at a sample and
seeing 5 elemental peaks. NOW, imagine
"•discovering" an additional 25 peaks!!

We pride ourselves in customer service. Call
us at (281) 286-6485 to talk to any of our
staff, or ask one of our hundreds of
customers- after all- they're our best sates
people!

1XRF Systems, Inc.
15715 Brookford Dr.
Houston, TX, 77059
USA
w w w. ixrfsys tems.qdrii

rXRF SYSTEMS
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Fi# 3.) Set the required measurement feature attributes and object classification preferences
m UTMSCSA Image Tool to begin CME1AS morphotype classification.
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Fig. 4.) CMEtAS/lniLigeTooI finds the foreground objects (microbes) in

the images using a titreshokUngprocediire, assigns a numbered annotation

to each microbe found, and reports the total object count in the image. It

then performs »n object analysis on tbe image and displays the values for

each shape measurement feature selected in a Results window worksheet.

scientists at Michigan State University have improved on existing
image analysis systems or" computer-assisted microscopy by intro-
ducing new measurement features and robust object classifiers ca-
pable of automatically classifying most of the predominant
microbial morphotypes encountered in digital micrographs of
complex microbial communities growing in nutrient-enriched
habitats, and have implemented these features in a flexible,
user-friendly and robust semi-automatic image analysis
system to strengthen micros copy-based methods for under-
standing microbial ecology. We named the program "CME-
IASK", an acronym for the Michigan State University Center
tor Microbial Ecology Image Analysis System. CMEIAS Ver.
1,27 is not a stand-alone program, but rather consists of sev-
eral custom plug-ins designed to operate in the host program
UTHSCSA ImageTooPVer. 1.27, a free downloadable open-
architecture software operating on a personal computer. Two
of these CMEIAS 1.27 plugins (objanal.dll and objclass.dll)
are derived work, representing modified plugin versions of
object analysis and object classification plugins and not the
original UTHSCSA ImageTool distributed by the University
of Texas. The accuracy of microbial morphotype classification
has been thoroughly tested against ground truth data using
CMEIAS v. 1.27 in UTHSCSA ImageTool running in Windows
NT 4.0 (Liu et al. 2001). Similar results have been obtained
using the Windows 2000 Professional operating system. Also,
limited operational testing has indicated compatibility with

Windows 95/ME/XP, but quantitative measurements
of CMETAS accuracy have not been evaluated for
CMEIAS/ImageTool 1.27 using these alternative
operating systems.

To perform a morphotype classification using
CMEIAS 1.27 in ImageTool, the operator first finds
the objects of interest in the image by using a thresh-
olding procedure, then conducts an Object Analysis
to extract various size and shape measurements from
each microbe present, and finally uses these Object
Analysis data to perform an Object Classification
that automatically assigns the appropriate morphot-
ype to each microbe found. This object classification

procedure uses a series of pattern recognition algorithms optimized
by us for 11 major microbiai morphotypes represented by 98% of the
genera described in the 9th Edition of Bergey's Manual of Determi-
native Bacteriology. Extensive testing using large ground truth data
sets indicate that CMEIAS performs with an overall morphotype
classification accuracy of 97% on properly edited images.

The CMEIAS data output is a results window that reports on
the types of different morphotypes found and the abundance among
each of them. These data can be used to compute various indices of
morphological diversity and distribution of numerical abundance
in microbial community analysis. An interactive edit feature is in-
cluded to address the main sources of error in automatic morpho-
type classification, enabling the operator to inspect the morphotype
assigned to each microbe in the image based on visual recognition
of its distinctive pseudocolor, reassign it to another morphotype
class if necessary, and add up to five other morphotypes to the
supervised classification scheme.

Comprehensive descriptions of CMEIAS Ver. 1.27, including its
rationale for development, algorithms of size and shape measure-
ments, statistical rules of pattern recognition for each morphotype
classification, results of thorough accuracy testing, sources of error
and limitations, and an example of how CMEIAS can augment the
polyphasic analysis of growing, complex microbial communities
are presented in our publication Liu et ah, 2001. Microbial Ecology
:!'"&' • :-jp| *l Hi! - •;-• '•-•• '_ JO! x i j
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Fig. b.) CMEIAS then uses these extracted analysis data tv jierfonn object
classification (identify morphotypes), tabulates the classification data in the
Results window, and creates a new image in which each microbe is distinctively
pseudocolored according to its assigned morphotype.
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canning Electron
Microscopes

Why Buy a New SEM?
SEMTech Solutions offers pre-owned, rebuilt, and upgraded

Scanning Electron Microscopes.
We offer Digital Imaging, Computer and EDS Upgrades
that make our SEMs easy to use, at an affordable price.

Monthly Leasing Options are available.
SEMTech Solutions has numerous SEMs available

at our Massachusetts demo facility.
Call us to schedule a demonstration or visit us at

www.semtechsolut ions.com

SEMTech
Solutions,

6 Executive Park Drive
North Billerica, MA 01862

Tel: 978/663-9822
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Fig. 6.) CMEIAS theft allows you to inspect the classification
assignments in the pseudocolored image, anil if necessary (errors occur at
a 3% rate), to manually edit individual morphotype classifications using
the Reassign Category Label interactive edit feature, as illustrated here using
the pseudocolored classification result images of community B. The red
coccobacillus (white arrow, center of left image) is reclassified as a regular
straight rod (Blue, right image) and the corresponding classification data
automatically update.

41(3):173-194 and 42:215 . An operator manual and interactive
tutorial are also provided in the CMEIAS 1.27 download.

CMEIAS/ ImageTool can also measure various object size at-
tributes (cell length,width, area, perimeter, Feret diameter, major
axis length, minor axis length) and classify the cell size distribution
in microbial populations and communities. A unique feature of the
length and width measurement attributes of CMEIAS is that the
algorithms used to compute them are adaptive to object shapes,
and therefore the values reported are more accurate over a wider
range of object shapes than alternate algorithms that are invariant
to object shape. In theory, these measurement attributes and shape
classifications could be used to analyze and classify any foregroand
object in the digital image.
Abbreviated CMEIAS Demo:

In this example, the major steps to analyze the morphological
diversity of two community images using CM El AS/ImageTool 1,27

are presented in figures 2 through 7. A more detailed version of
diese image analysis steps is available in the operator manual and
training tutorial website downloads.

In summary, CMEIAS® is an accurate, robust, flexible semi-
automatic computing tool that fills a major gap by significantly
strengthening microscopy-based quantitative approaches to
understanding microbial ecology at spatial scales relevant to die
microbe's niche, and should serve as a useful adjunct in the analysis
of microbial community structure in situ without cultivation. A
free download of CMEIAS ver. 1.27 is available for educational and
research purposes at <http://cme.msu.edu/cmeias/>. •

If you acquire image analysis data using CMEIAS/ImageTool,
we ask that you cite us in the following way:
"Digital images were analyzed using CMEIAS Ver. 1.27 {Liu et al. 2001) operating

in UTHSCSA ImageTool Ver. 1.27 (Wikox et al. 1997)."
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ers. Please send references in the format shown to cmeiasfd@msu.edu or
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fig". 7.) Community morphotype analysis data can then be copied to the clipboard and exported to
Windows-compatible spreadsheet programs (e.g. Excel, EcoStat) where they can he graphed and analyzed
statistically. CMEIAS analysis of this pair of images indicates that communities A and B have 4S.S2%
proportional similarity in morphological diversity, with Community B being 2.2-fold higher in morphotype
richness and diversity indices and 1.6-fold higher in distribution of morphotype evenness.
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