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INTRODUCTION

The genetic mechanisms of bacteria which determine size and shape

: are the means to a deeper understanding of the basis of cellular morphology.

As characters for classification of organisms, size and shape, if constant
: under known conditions for a specific type, give values which are 1im{ted
] f ; only by the precision and reproducibility of measurement. An attempt to
| characterize bacteria by using a Coulter counter was reportegl but we

s i know of no other effort similar to the following study. The enteric
bacteria were selected for a morphometric study because of the extent
of knowledge of their char;cters and because, as individual cells,
they are suitable subjects for a particulate analysis program,

At first, ten samples were obtained from the American Type Culture

Collection (ATCC) which they cultured from lyopholyzed material and

O SRS 7 MY, (7 A

presented to us on Nuclepore filters, The organisms appeared clumped

in the SEM, however, it was possible to take measurements from micrographs
at 10,000X. This established statistically significant differences in
width and length, '

The preparation of similar samples which could be automatically

measured by image analysis computer and then the refinement of the
procedure to produce precise reproducible data are the subject of this

communication,
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MATERIALS AND METHODS
Bacterial Preparation

Lyopholyzed cultures of various enteric bacteria purchased from

ATCC were reconstituted in nutrient broth (England Laboratories, Beltsville,
Wd.,). Biochemical analysis of these microorganisms confirmed the identity
of the ATCC strains. Nutrient agar and nutrient broth were used for all
snpecies 1n order to maintain consistency. MNutrient agar yielded abundant
growth in less time than the nutrient broth, Agar plates were cultured
with the specific bacterfa using a standard plate dilution technique. For
growth consistency a cloned colony from the isolation plate was subcultured
to another nutrient agar plate, After 18 hours incubation at 37°C, 6cc of
2.5% gluteraldehyde (in PO4 buffer) was poured onto the colonies for
suspending and fixing the bacteria. Colonies were mixed with the fixative
and policed into a conical 15m1 test tube. The tube was vortexed 1-2 minutes
to suspend clumped microorganisms., Organisms were refrigerated at 6°C
for 24 hours which allowed heavier particles to settle while the upper
supernatant levels contained well dispersed singular rods. The upper
supernatant contained 1500 million organisms per ml measured by
nephelometric densitometry,

Bacterfal cells were maintained in as natural a state as possible,
thus avoiding any chemical or traumatic effects such as osmification
or centrifugation. Preliminary experiments showed that osmium caused

minor clumping. Slow centrifugation (500 - 600 rpm) did not eliminate
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minute clumps. Faster centrifugation (1000 - 3000 rpm) caused bacteria
to clump in doubles and triples. The gravitational method yielded
dispersed singular organisms in the upper supernatant level (Figure 1).

One drop from the upper supernate level was placed onto a non-porous
Nuclepore membrane which was attached to an SEM stub. Singular bacteria
adhered to the Nuclepore, thus allowing the specimen to be washed and
stained with 5% uranyl acetate and 0.4% lead citrate.

' | Image Analysis ;
The analytical system used for characterizing bacteria according to

size and shape consists of an SEM (Hitachi HHS-2R) and a minf-computer

(LeMont Interdata, Model 7/16) to direct the electron probe. With this

i . system the electron probe is rastered in a digital array on a dispersion of

bacteria. When a bacterium is encountered, an increase in the secondary

electron signal is detected. These increased signal points are called

"on" points, and by successive, computer-controlled perpendicular

bisections of "on" point lines within the bacterium (starting with the

first raster line to intersect the bacterium), the center of the bacterium

is defined. Through this point, the beam makes eight, equi-angled

transects,the largest chord defining the length and the smallest chord
defining the width, These parameters are tabulated, and the rastering
process resumes, The X and Y coordinates of each organism are indicated

permitting a visual recheck of the image analysis program. Center points

{

within the bacterium are also recorded 50 that subsequent encounters

with the same organism will be ignored.




When the analysis is complete, a summary chart is provided with
average area, average length, average width and average length-to-width
ratio. The computer is programmed to eliminate oversized artifacts
and therefore it measures all singular bacteria within the field. A
magnification of 2000X was selected to allow the largest number of
organisms in a field to be counted which would at the same time
provide adequate resolution of dimensions. Off and on particle picture
point densities were chosen which provided reasonable analysis sneed and
resolution for the magnification selected. These were 512 and 819,
respectively., A working distance of 15mm was selected to minimize
the shadow effect of the lower signal probability from surfaces opposite
to the secondary electron detector. Specimen height was carefully
controlled at 0° tilt. To get the secondary image to correspond
closely to the binary imaqe, a high contrast signal was obtained so that
the peaks due to the organism had steep sides approaching the vertical
axis. (Figures 2a and 2b).

RESULTS

After the protocol was established and the variables controlled
in each sample, approximately 75 - 100 bacteria were measured. The
procedure was repeated several times to determine reproducibility. In
three separate runs of the thirteen microorganisms investigated,

reproducibility was generally around 1%, easily sufficient to characterize
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each organism, Computer for the mean width and average length vere
plotted on a ternary diagram (Figure 3).

Functions of length,width and length plus width of the organisms
are plotted from three axes as % of the range which runs along the
perpendicular bisection to the opposite sides as a ternary diagram.

Three runs were combined so that the reproducibility could be demonstrated.
Each point of the illustrated triangles represents one separate run

from culturing to analysis. For some organisms the runs match so

closely that triangles were barely discernible and three points were
plotted on a short straight line.

The most consistent data in the secondary electron mode was provided
by air dried cells flattened against the substrate. A fault of the
stereologic image analysis program was found to produce occasional
too short width measurenents. These outliers were detected by inspection
of the print-out data for each organism, eliminated from the data and
the mean width recalculated. In the same manner, organisms occasionally
found side by side were eliminated.

DISCUSSION

The range of measured dimension variation of enteric organisms
cultured under specific conditions is narrower than expected. It is
easily accounted for by what we would expect from the equipment and the
method as developed so far. This raises the prospect that with
improved equipment and procedures we may further define the limits of

dimensions with the prospect of exploring the characterization of
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microorganisms of diverse origins beyond the species level. Genetic
varfations in colony morphologj'4ag)bacter1al strains may well reflect
slight morphologic differences in the individual cells which improved
methodology could discriminate.

It 1s within the art of current computer technology to translate
data for an organism such as is presented here directly into a definitive
or probable identification. A substantial improvement in image dimensional
fidelity would be anticipated from the use of a backscattered electron
detector and critical point dried cells.

The x-ray peaks representing the U and Pb stains were almost 1:1 for
all three organisms. While this did not provide additional criteria to
distinguish the organisms from each other, it could well distinguish
bacteria from non-bacterial contamination as in the direct examination of
non-cultured material. The computer analysis system which was employed
in this study is programmed to distinguish each particle by its chemical
composition. A1l non-bacterial material above and below the set dimension
limits and not containing a similar ratio of U to Pb can be eliminated
by the program. -

Application to virus characterization is conceivable in that the
resolution of commercial SEM's is better than 10 nm, The U and Pb
staining can distinquish DNA from RNA, respectively, and under controlled
conditions this could be quantitated and compared to reference data.

The system employed in this study has been gpplied to the detection and

counting of virus on cell culture surfaces.
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The particle analysis program employed in this study may be
improved by a fast Fourier transform (FFT) program which emphasizes
repeating spatial frequencies. This could improve the effective
resolution and increase application to complex organisms such as
diplococci, streptococci, sarcini, etc.

“thile the precision and reproducibility of the data so far seems
promising, results are confined to 13 organisms representing 11 genera
and three species of one genus (Enterobacter). There are at least 26
more species of the common enterics and a great many strains of each.
These must be analyzed and the data recorded before the value of this
approach to microbiology can be fully appreciated. The effect of
qrovwth conditions, including adaptation to culture media, is yet to be
explored.

In spite of these uncertainties, microbial morphometry under the
conditions described can be used to study the genetic basis for the

determination of size and shape as well as to characterize bacteria.




References:
1.

2,

5.

6.

Paxton, C. Welch, W.J., "Microbiological Detection Apparatus"”
U.S. Patent Office #3, 743,581 1973

Hoover, M.R,, thite, E.WN,, Lebiedzik, J. "Automated Characterization
of Particles and Inclusions by Computer Controlled SEM/Prob",
Proc. 10th Ann. Conf,. !licrobeam Analysis Society. August 11-15, 1975

Couch, J. Berk, S.J. Glazer, D.A. "Automated Recognition of Bacterial
Strains by Analysis of Colony Morphology" Proc. 13 Inter. Cong, of
Genetics 1973,

Sevastoqopoulos, C.G., Yehr, C.T., Glazer, D.A. "Large scale automated
isolation of E, coli mutants - with thermo sensitive DNA replication
PNAS Vol. 74 pg. 3485 1977

Haten, C.G., Illeni, S. "New Approach to Identification of Microorganisms
Publ. Whiley & Son, N.Y. 1975 Chap. by Glazer, D.A. "Automation of
Colony Identification in Mutant Selection,.”

Pitha, P.M., 'ivel, N.A. Fernie, B.F. Harper, H.P,, Effect of
Interferon on MULV Infection. Formation of MNon-infectious Virus
in Chronically Infected Cells. J. Gen, Virol. (In press)

Acknowledgement:

He wish to acknowledge the technical assistance of Ms. Sharon Moore
for her contribution to the preliminary research effort.




Fig. 1. Well dispersed Salmonella enteriditis microorganism adhered
to a polycarbonate membrane (nuclepore). Bar length = lum




Fig. 2a. Secondary image of Shigella sonnei. Fig. 2b. Demonstrates
the binary image of Shigella sonnei (1ines in binary image due to
electron nofse which was filtered out by the computer). Bar length = 2um
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Figure 3, Ternary diagram for morphometric classification
of 13 enteric bacteria,
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Appendix I

Construction of the Ternary Diagram
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To determine data points on the ternary diagram (Figure 3),
particle-by-particle computer data were compared with micrographs
of the bacteria measured, Occasionally within a field of “on points"
(e.q., a bacterium in the field), electronic noise created an “off
point" by reduction of the voltage at that point. This noise at
times resulted in premature shortening (by the computer) of chords
which are used for width and length determinations. When these
shortened chords were far less than the bacteria size range actually
observed in microqraphs, the data were eliminated from the computer
readout and further processing.

Once noise was determined and eliminated from the data,
histograms of the frequency distribution of lengths and widths were
made. For example, Figure 4 provides the distributions for three
runs on E. Coli. From these histograms, geometrical averages were
determined and used in the formulas beneath the ternary diagram.
Average length, width and length plus width are represented by
one point for each run.

It 1s anticipated that the effect of noise can be virtually
eliminated through further improvements in software.
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