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A new ultrastructural technique has been developed to study the geometry
of cell wall assembly in Streptococcus faecalis, which is believed to occur
between pairs of raised bands located on the organism's surface. Three-dimen-
sional reconstructions of these new regions of envelope growth are produced
from the mathematical rotation (around a central axis) of various measure-
ments taken from central, longitudinal thin sections of cells. These reconstruc-
tions can be used to calculate the surface area and volume of the septal and
peripheral walls that were supposedly present in any given cell before section-
ing. In an accompanying paper, it is shown how such surface and volume
estimations, coupled with other measurements of length, thickness, and cur-
vature, can be used to characterize a cycle ofenvelope growth in this organism.
The validity of the assumptions used to reconstruct cells by rotation and the
possible sources of error in using this technique are discussed.

Autoradiographic (3), immunofluorescence
(4, 17), and ultrastructural (10, 11, 16) studies
have suggested that chain-forming cocci en-
large their surfaces by the equatorial insertion
of discrete zones of "new" envelope into the
middle of "old" envelope. It appears that each
of these envelope "growth zones" contains a
cross wall or septal region from which two
"new" units of peripheral wall are issued in
bilateral fashion (11, 12). Each growth zone is
also capable of centripetal growth, which ulti-
mately results in the closing of the cross wall
and in the final separation of the closed cross
wall into two completed poles.

Characterization of this type of growth in
Streptococcus faecalis (ATCC 9790) has been
the subject of several morphological studies
(8-12). This organism has proven ideal for
such studies because: (i) it has naturally oc-
curring surface markers which separate old po-
lar wall made in past generations from the
new equatorial wall being made during the
current generation (10), and (ii) no detectable
level of peptidoglycan turnover has been ob-
served during any phase of growth (2). The
absence of turnover is probably responsible for
the observation that once a segment of the cell
wall reaches a given thickness, it does not
appear to be thinned during subsequent pe-
riods of growth (8, 10). This observation sug-
gests that the thickness of the cell wall at a
particular site on the cell's surface reflects the
cumulative incorporation of cell wall precur-

sors at that site, rather than being some prod-
uct of the equilibrium between turnover and
assembly.
Based principally on observations made

from thin sections of cells fixed during expo-
nential-phase growth (11), or during regrowth
from the stationary phase (10), a model of
surface growth was proposed for S. faecalis
(11). This model suggested that cell wall pre-
cursors were used to assemble a bilayered
cross wall that would subsequently separate
into two layers of peripheral wall. It was fur-
ther proposed that the thickness of cell wall
surfaces being assembled was under the con-
trol of a separate but coupled mechanism (8,
11, 12).

In this report, a new ultrastructural method
is described which has been developed to test
many aspects of this model. Basically, this
method consists of mathematically rotating
thin sections of cells around their principal
axes to form three-dimensional reconstruc-
tions of whole cells. In addition, the problems,
possible errors, and assumptions on which this
method is based are considered.

MATERIALS AND METHODS
Cell growth and electron microscopy. The cells

used to develop the method described here were
taken from cultures in midexponential-phase
growth (8). Before fixation, cultures were allowed to
double in mass at least seven times (TD 31 to 33 min)
in a chemically defined medium (14).
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The glutaraldehyde-osmium tetroxide fixation,
Epon 812 infiltration and embedding, and uranyl
acetate-lead citrate post-staining have been de-
scribed elsewhere (6). Silver-gray sections were ex-
amined with a Siemens Elmiskop IA electron micro-
scope at instrumental magnifications of approxi-
mately x30,000. The microscope was calibrated fre-
quently with a carbon grating replica (E. F. Fullam,
New York). Thin sections ofcells were photographed
on Kodak electron image plates and enlarged ap-
proximately x3.3 on Kodak Kodabromide enlarge-
ment paper.

Rotational analogue method. As stated in the
introduction, the rotational technique consists of
rotating central, longitudinal thin sections of cells
around their principal axes to form three-dimen-
sional reconstructions of whole cells. Although any
portion of the cell or its envelope may be recon-
structed, to date the technique has been primarily
used to study the assembly ofnew cell wall, which is
thought to occur preferentially between raised
bands of cell wall material found on the external
surfaces of S. faecalis (Fig. 1; reference 10). The
term "growth zone" is used to describe the new cell
wall found between pairs ofbands (Fig. 1). As shown
in Fig. 1, the peripheral wall contained within a
growth zone is mathematically reconstructed in two
transverse halves. Since at the end of a round of
synthesis each growth zone will produce two poles,
each growth zone is considered to contain two nas-
cent poles.
The technique is applied only to sections of cells

where the cell wall appears tribanded around vir-
tually the entire perimeter of the cell (Fig. 1). Such
sections are assumed to be longitudinal and axial.
Evidence to support these assumptions is given be-
low.

Estimation of the surface area contained by the
peripheral and septal walls of nascent poles. The
first step in the reconstruction ofthe peripheral wall
involves the fitting of trapezoids to the outside pe-
rimeter of the peripheral wall between pairs of wall
bands (Fig. 1B, C). These trapezoids are then math-
ematically converted into their three-dimensional
analogues, namely, the frustra of right cones (Fig.
1D). Therefore, in this example, the surface areas of
these cones are taken as an estimate of the external
surface area of the peripheral wall (Pa) found in the
two nascent poles before sectioning. In most cases,
the Pa values calculated for each nascent pole of a
growth zone are plotted and analyzed separately. As
presented in the accompanying paper (13), this is
done so that the assembly of a single pole can be
studied from the beginning to the end of a cycle of
growth and so that, for model building purposes, the
amounts of peripheral wall found on either side of
the septum can be compared. Further details and
equations used for these transformations are given
in the legend of Fig. 1.
The peripheral wall segments seen in Fig. 1B

(i.e., Pi, P2, P3, and P4) are approximately linear in
section and show no detectable curvature. This is
approximately the situation during very early
phases of growth zone development (see reference
13). However, as the length of the peripheral seg-

GROWTH ZONE

FIG. 1.
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THREE-DIMENSIONAL RECONSTRUCTION OF S. FAECALIS

ments increases, curvature is introduced (Fig. 1E).
As this occurs, the short sides of a single trapezoid
(i.e., P in Fig. 1C) can only approximate the curved
perimeter of the peripheral wall over very short
stretches. This problem is overcome by increasing
the number of trapezoids fitted to a growth zone
(Fig. 1E). The actual number is determined by not-
ing how far the short side of each trapezoid can be
extended and still offer a reasonable fit to the outer
perimeter of the wall. The reasonableness of this fit
can be quantitated by measuring the maximum dis-
tance between the short side of the trapezoid and the
outer perimeter of the cell wall (Fig. 1E). In prac-
tice, the number of trapezoids used is sufficient to
keep this distance undetectable by eye (in enlarge-
ments of cell sections where the total magnifications
are about x 100,000).

In thin sections of nascent poles, it is not uncom-
mon to find one segment of the peripheral wall

slightly longer or shorter than the other. This has
been shown in exaggerated fashion in the nascent
pole on the right side of the cross wall seen in Fig.
1E. The legend of Fig. 1E describes how the surface
area and volume of asymmetric segments are esti-
mated.
The surface area of the cross wall is calculated by

following the same principles as applied to the re-
construction of the peripheral wall. Measurements
are used to determine the length of two lines (i.e.,
the diameter of the septal region [Dmin] and the
diameter of the "gap" [Dgap] between the leading
edges of a nonseptated cross wall [Fig. 1C]), which
are mathematically converted into two discs by rota-
tion. The surface area of the septal wall (Sa) is then
taken to equal the area remaining after the area of
septal gap has been subtracted from the total area of
the septal region (Fig. 1D).

Estimation of the volumes occupied by the pe-

FIG. 1. Reconstruction ofa growth zone ofS. fae-
calis observed in a longitudinally axial thin section of
a cell. (A) A diagrammatic representation ofa cell of
S. faecalis. A "growth zone" is made up of the enve-
lope found between a pair ofraised bands ofcell wall
material known as "wall bands," and is considered to
be the "new" wall surface assembled exclusively dur-
ing the current round of cell wall growth (10). (B) A
diagrammatic representation of a longitudinally ax-
ial thin section of the cell shown in (A). The three-
dimensional reconstruction of the peripheral wall of
the growth zone seen in this diagrammatic thin sec-
tion is produced as follows. To the peripheral wall
seen in the growth zone and flanking the cross wall,
two trapezoids are fitted. The sides of the trapezoids
are defined as follows: Dmin, the shortest outside
diameter ofthe cell; Dmax, the largest outside diame-
ter ofthe cell; and P,, P2, P3, and P4, the shortest lines
that will connect Dmin and Dmax. Dmax is deter-
mined by placing one point in each of two opposing
wall band markers. Each point is defined by the
intersection of two lines, namely one that passes
through the middle ofthe opposing wall bands and a
second that estimates the continuance of the outer
perimeter of the cell wall if the raised wall band
markers were removed. (C) This figure shows the
dimensions of the two trapezoids and two lines
(Dmin and Dgap) taken from (B) that are mathemat-
ically rotated to estimate the surface areas ofthe cross
and peripheral walls of the growth zone that suppos-
edly were present before sectioning. In addition, S,
and S2, which are the lengths of the sectioned cross
wall segments measured from tip to base, are also
shown. The measurements used to calculate periph-
eral wall surface area can also be used to estimate the
volume of the growth zone. The exposed surface area
of the peripheral wall (Pa) and volume (VOL, not
shown but equaling that volume occupied by the frus-
tra of the two right cones shown here) found in each
halfofthe growth zone (i.e., in each nascent pole) are
calculated as follows:

Pa = 2 (Dmin + Dmax) P
2

Vol = vT -|p_ (Dmax - Dmin)2

* (Dmax2 + Dmin Dmax + Dmin2) (2)
where P would be an average of the lengths of the
shortest sides of the trapezoids fitted to either side of
the growth zone (i.e., an average ofP1 and P2, and P3
and P4, respectively), and where the length ofDmax
would depend on which trapezoid is being rotated.
The surface area ofthe septal wall (Sa) is determined
by subtracting the area of the central "gap" (ifpres-
ent) from the total septal area as follows:

Sa (min2 - Dgap2 (3)

where Dgap is the distance between the leading edges
of the cross wall (see [C]). (D) Diagrammatic repre-
sentation of the three-dimensional figures produced
by the application of equations 1, 2, and 3 to the
linear measurements shown in (C). (E) Diagram-
matic representation of the application of the rota-
tional-analogue technique to growth zones that have
curved perimeters. In this case, a series of trapezoids
are used to approximate the curvature of the perime-
ter. This is done by fitting a series ofP lengths by eye
to the curved peripheral wall. The maximum length
of each P segment is determined by judging how far
each segment can be extended without deviating from
a reasonable fit of the curved surface (see insert). The
amount of deviation from a perfect fit can be quanti-
tated by measuring the distance C, which is the
maximum distance, from the shortest side of the tra-
pezoid fitted to this segment of the wail to the outer
perimeter of the cell wall. In sections of cells magni-
fied to about x 100,000, C is kept below levels detect-
able by eye. The Pa and VOL ofeach nascent pole are
thus determined by summing the individual surface
areas and volumes contained by the rotation of each
trapezoid by equations 1 and 2, respectively. Note
that in the right side of this growth zone the length of
the last segment is asymmetric. In such cases, the
surface and volume of the last segment are estimated
by substituting into equations 1 and 2 a Dmax value
taken as shown and a P value that is an average of
the asymmetric P lengths.
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ripheral and septal walls of nascent poles. The vol-
umes occupied by the septal and peripheral walls of
nascent poles can also be calculated by rotation (see
Fig. 2 for details and equations). The volume of the
peripheral wall (Pvol) is obtained by rotating trape-
zoids, fitted to longitudinal thin sections of cells, to
estimate (i) the total volume of a nascent pole
(VOL), (ii) its cytoplasmic volume (CYTvol), and
(iii) its total septal volume (SEPvol). Pvol can then
be calculated by subtracting from the total volume
of the nascent pole (VOL) those volumes not directly
occupied by the peripheral wall (i.e., CYTvol and
SEPvol). Just as in the case of determining the Pa,
the number of trapezoids required to calculate Pvol
increases with increasing peripheral wall curva-
ture. The volume occupied by the septal wall (Svol)
of a nascent pole is also estimated by using trape-
zoids. However, in'this case they are used to deter-.
mine one-half of the septal volume based on the
average thickness of the cross wall and to define the
volume of one-half of the central gap (if present).
The volume of the septal wall (Svol) thus results
from subtracting the gap volume (GAPvol) from the
total septal volume (SEPvol) of a nascent pole.
Method by which measurements are taken and

calculations are performed. The rotational ana-
logue technique was initially developed and applied
to thin sections of cells by using measurements,
taken with calipers, from photographic enlarge-
ments of the thin sections. Recently, a Numonic
digitizer (Numonic Corp., North Wales, Pa.) inter-
faced with an ASR 33 teletype has been used to in-
crease the speed by which measurements are made.
The probe of this instrument is placed on the
desired locations on a photographic enlargement of
a thin section of a cell (total magnification of about
x 100,000), and upon command an appropriate series
of x,y coordinates are punched into a paper tape.
The data on this tape are subsequently fed into a
PDP8/m computer (Digital Equipment Corp., May-
nard, Mass.), where the desired calculations are
performed.

RESULTS AND DISCUSSION
Validity of the assumptions on which the

rotational-analogue technique is based. To re-
construct a cell by rotation, several assump-
tions must be made. Among the most important
are: (i) that the primary glutaraldehyde fixa-
tion rapidly "freezes" all active physiological
and biosynthetic processes of growing cells; (ii)
that the fixation, embedding, and thin-section-
ing processes do not appreciably alter the size
or shape of cells that are associated with the
living state; (iii) that a longitudinal section of a
cell in which the entire cell wall appears tri-
banded is considered central as well as longitu-
dinal; and (iv) that cells of S. faecalis show
longitudinal radial symmetry. In the text
which follows, the validity ofthese assumptions
is discussed in light of present evidence.

(i) The primary glutaraldehyde fixation
rapidly "freezes" all active physiological and

biosynthetic processes of growing cells. Pre-
vious studies have shown that the addition of
glutaraldehyde (2.5% final concentration) to ex-
.ponential-phase cultures ofS. faecalis (TD 31 to
33 min) rapidly inhibits lysis of both cells and
isolated cell wall fractions (9), deoxyribonucleic
acid, ribonucleic acid, and protein synthesis,
and the incorporation of glycerol into mem-
brane components (7). In each case, the effects
of glutaraldehyde appear to be virtually instan-
taneous, and it seems that both biosynthetic
and degenerative processes could be active only
for very short periods of time after the addition
of fixative.

(ii) The fixation, embedding, and sectioning
processes do not appreciably alter the shape
or size of cells that are associated with the
living state.,The collective processes to which
cells are subjected before and after sectioning
are quite drastic. It is conceivable that changes
in the geometry of cells could occur during
these manipulations. For example, in Esche-
richia coli the average diameter of cells mea-
sured in thin sections is about 35% less than
comparable measurements taken from freeze
fractures of unfixed cells (1). This suggests that
at some point during the preparation of cells for
thin-sectioning, significant reductions in size
occur. However, when similar measurements
were made from thin sections and unfixed
freeze fractures of cells of S. faecalis, no large
differences in the average diameters of cells in
either preparation could be detected (Table 1).
Apparently, the larger amount of highly cross-
linked peptidoglycan in the cell walls of S.
faecalis (5) protects these organisms from gross
reductions in diameter.
From the diameter data shown in Table 1, it

is not to be inferred that all structures in cells
ofS. faecalis remain unaltered during dehydra-
tion and embedding. Recent evidence gathered
in this laboratory (H. C. Tsien, personal com-
munication) suggests that while the diameters
of cells are not appreciably influenced by dehy-
dration and embedding, cell walls ofS. faecalis
observed in thin sections are about 33% thinner
than the cell walls seen in freeze fractures of
unfixed cells. Apparently, during the dehydra-
tion process required for thin-sectioning, the
wall contracts into a somewhat more compact
state. The question raised by this study is
whether the cell wall volumes derived by the
rotational-analogue technique (which in part
are based on thickness measurements taken
from sections of cell walls [Fig. 2]) are related to
the actual amounts of wall material present
before dehydration. Fortunately, in S. faecalis
it has been observed that when protein synthe-
sis of exponential-phase cells was inhibited
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TABLE 1. Average diameters ofcells ofS. faecalis as
observed in thin sections and freeze fractures

Avg Standard
Type of prepn Fixation diam devia-

(MUm) tion

Thin sectionsb Glutaraldehyde/ 1.02 0.05
osmium te-
troxide

Freeze fracturesc None 0.98 0.06
Glutaraldehyde 0.99 0.05

a Calculated from the measurement of Dmax (see Fig.
1B) in 50 longitudinal thin sections of cells showing com-
pletely tribanded wall profiles and from the same number
of longitudinal freeze fractures of cells that were judged to
be from the center of cells '(7).

b Fixation of cells in 2.5% (final concentration) glutaral-
dehyde and then in 1.0% (final concentration) osmium te-
troxide, followed by the infiltration and embedding of cells
in Epon 812, is described in reference 6.

c Freeze fracture techniques and fixation of cells in 2.5%
(final concentration) glutaraldehyde for 60 min before freez-
ing has also been previously described (7). The glutaralde-
hyde fixation was carried out at 37°C. The measurements
shown for the unfixed cells were from cultures that were
chilled to ice bath temperature before cells were concen-
trated by centrifugation and quenched (7).

with several antibiotics, parallel increases
were noted in (i) the average thickness of cell
wall seen in thin sections and (ii) the amount of
peptidoglycan found on a per-cell basis (8).
Thus, this study suggested that increases in the
peptidoglycan content produced proportional
increases in the thickness of cell walls.

Therefore, it seems that wail volumes de-
rived by the rotation-of-thickness measure-
ments (Fig. 2) can be used with caution to
describe the relative amounts of wall material
present in a nascent pole.

(iii) A longitudinal section of a cell in which
the entire cell wall appears tribanded is con-
sidered central as well as longitudinal. The
validity of assuming longitudinal sections of
cells, which show tribanded cell walls around
their entire perimeters, to be axial was tested
by studying cells that had been serially sec-
tioned. On the average, about 11 to 14 longitu-
dinal silver-gray serial sections were required
to pass completely through a single cell of S.
faecalis, and of these usually one, and rarely
two, sections showed a complete tribanded pro-
file. These tribanded sections were invariably
found in slices that passed through the most
central portion of the cells. It was also observed
that the maximum amount of the cell's perime-
ter appearing tribanded in any serial section
was determined by how closely the section was
aligned with the longitudinal axis of the cell.
Deviations from this axis caused portions of the
cell wall seen in the central slice to appear
fuzzy or diffuse.
To demonstrate the effect that the plane of

sectioning has on the results obtained by rota-
tion, growth zones seen in serial sections of
single cells were reconstructed with the rota-
tional technique. An example of this study is
shown in Fig. 3, where the surface areas and
volumes obtained by rotating the growth zone
observed in the mid-eight serial sections of a
single cell are given. In this series, only one of
the sections showed a completely tribanded cell
wall, and, as would be predicted, this growth
zone generated the largest exposed surface area
and cell volume (data circled in Fig. 3).

In summary, these observations are consist-
ent with the assumption that longitudinal sec-
tions of cells with tribanded walls are approxi-
mately axial.

(iv) Cells of S. faecalis show longitudinal
radial symmetry. If cells of S. faecalis show
radial symmetry, one would expect the four
segments of peripheral wall seen in longitudi-
nal sections of growth zones to be approxi-
mately equivalent in length (i.e., the lengths of
P1, P2, P3, and P4 in Fig. 1B should be equiva-
lent). Variation in these lengths would, there-
fore, be one index of the asymmetry found in a
particular growth zone. Such asymmetry
within a population of exponential-phase
growth zones can be studied by plotting the
average lengths of the peripheral wall found in
the "top" portion of a sectioned growth zone
(i.e., an average of P1 and P3 in Fig. 4A) against
the average lengths of the peripheral wall
found in the "bottom" portions of the same
growth zone (i.e., the average of P2 and P4 in
Fig. 4A). The theoretical line in Fig. 4A indi-
cates the expected relationship between periph-
eral wall lengths if growth zones are perfectly
symmetrical; thus, the distance of each point
from the theoretical line is an index of top to
bottom asymmetry. In Fig. 4B the treatment is
repeated by plotting the average length of the
peripheral wall in the "left" side of each growth
zone (i.e., the average of P1 and P2 in Fig. 4B)
against that found in the "right" side (i.e., the
average of P3 and P4 in Fig. 4B). A comparison
of the scatter of points around the theoretical
lines in Fig. 4A and 4B suggests that most
growth zones enlarge their peripheral walls in
a fairly symmetrical fashion. However, there
appears to be more deviation in longitudinal
sections of growth zones between the top and
bottom measurements than those seen between
the left and right sides. The greater equiva-
lence between the left and right was further
suggested when the standard error of estimate
for the left to right comparison was calculated
to be 11.66, whereas the top to bottom error of
estimate was 12.45.
Such results are in good agreement with our
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FIG. 2. Estimation of the volumes occupied by the
peripheral wall (Pvol) and septal wall (Svol) by rota-
tion. (Al) and (A2) are identical diagrammatic rep-
resentations ofa nascent pole seen in a central, longi-
tudinal thin section (used here to illustrate the meas-

urements needed to calculate Pvol [D2] and Svol
[D4]). Pvol is determined by first fitting trapezoids
to: (i) the outside perimeter of the peripheral wall
(B2); (ii) the inside perimeter of the peripheral wall
(Bl); and (iii) the septal region of a nascent pole
(B4). Trapezoids (Bl) and (B2) are then transformed
into three-dimensional figures by the basic equation
2, described in the legend ofFig. 1, to give the total
volume (VOL, [Cl]) and the cytoplasmic volume
(CYTvol, [Dl]), respectively, of a nascent pole. The
height ofthe trapezoid fitted to the septal region (B4)
is based on the average thickness of the septal region
of the nascent pole (Th, which equals [Th 1 + Th 2]1

E
:1.
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<<i, Pa

75 -
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0jIo

0 0.1 0.2

VOLUME (,um3)
FIG. 3. Total (Sa plus Pa) and exposed (Pa) sur-

face and volume characteristics of the growth zone
found in the mid-eight serial sections taken from a
single cell. In this plot, each pair ofpoints shown is
an average ofthe surface areas and volumes obtained
from the rotation ofmeasurements taken from the two
nascent poles observed in each serial section.

previously proposed model for the surface
growth of S. faecalis (11), which predicted that
peripheral wall would be made by a bilayered
cross wall separating into two equal layers of
peripheral wall. Thus, the right and left sides of
a growth zone should be mirror images. The
greater top to bottom deviations could be ex-
plained by proposing that the amount of cross

4, [A2D and is transformed into a three-dimensional
figure by the following equation to give septal volume
(SEPvol, [C2]):

SEPvol = X
Th

(Dmin2 +

Dmin Dmin' + Dmin'2) (4)

In nascent poles with closed cross walls, SEPvol
(C2) is also equivalent to the septal wall volume
(Svol) of a nascent pole. However, in nascent poles
where cross walls contain central perforations (Al
and A2), the volume of the gap region (GAPvol,
[D3]) between the leading edges of the cross wall
must first be subtracted from SEPvol (C2) before
Svol (D4) can be determined. In this case, GAPvol is
calculated by rotating, by the following equation, a
trapezoid fitted to this region whose height is also
determined by the average septal thickness of the
nascent pole (Th).

GAPvol = 7rTh (Dgap2 +
DgapDgap' + Dgap'2) (5)

The dashed lines in (B3) and (B4) represent the
additional trapezoids that would be required to re-
construct the total septal wall volume of a growth
zone.

J. BACTERIOL.
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E0.50

c

0.25

(P2 + P4) /2 (pum)

0.25 0.50
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FIG. 4. Asymmetries observed in central, longitu-
dinal thin sections ofgrowth zones as measured by
comparing the lengths of various wall segments. (A
and B) If growth zones of S. faecalis show perfect
radial symmetry, the four lengths of the peripheral
wall segments observed in sections should be equal
(i.e., the lengths ofPl, P2, P3, and P, in the inserts to
[A] and [B] should be equivalent). To describe the
deviation from symmetry, the average lengths of the
peripheral wall segments observed in the top halves
([P1 + P31I2, [A]) of 53 exponential-phase growth
zones (due to merged points and points that lie on the
theoretical line, only 45 measurements are visible) as

seen in thin sections were plotted against the average
lengths in the bottom halves ([P2 + P4712, [AD]. In

wall separation around the outer circumference
of the cross wall is subject to localized varia-
tions. Therefore, the cross wall may be separat-
ing slightly faster at one location along the
outer circumference of the cross wall than at
another location found on the other side of the
cell.
When viewed from an end-on position, the

septal region of S. faecalis resembles either a
disc or a circular perforated disc (i.e., a flat
washer [Fig. 1D]). In terms of defining the
symmetry of the growth zone, it is also impor-
tant to know, in terms of model building,
whether the central hole found in open cross

Pt walls is placed exactly in the center of the
0.75 septum. This question has also been ap-

proached graphically. In Fig. 4C the points
show the displacement of the center of the hole
of 50 open cross walls (i.e., the center of the disc
created by the rotation of Dgap in Fig. 1C) from

7 the center of the septal region of these growth
zones (i.e., the center of the disc created by the
rotation of Dmin; see Fig. 10). In Fig. 4C the
points, therefore, show the distance in microm-
eters of the center of the open gap of these cross
walls from the center of the septal region
(shown by the solid line). These data indicate
that the amount of asymmetry in the place-
ment of the central hole in open cross walls is
very small.
Thus, most growth zones conform fairly well

with expected predictions of structures showing
longitudinal radial symmetry. Since the rota-

B tional technique can be used to compensate forsmall asymmetries such as those observed in
0.75 Fig. 4 (see legend of Fig. 1E), it seems that

asymmetry does not contribute a significant
source of error to the results obtained by the
rotational technique.
Sources of error. To a degree, the accuracy

and precision of the rotation technique is influ-
Cl enced by the number of trapezoids that are
0o75 fitted to the peripheral walls of growth zones.

addition, the average left sides ([P1 + P2S/2, [B])
were plotted against the right sides ([P3 + P47/2, [B]).
The solid lines indicate the expected values ifgrowth
zones show perfect symmetry with regard to periph-
eral wall lengths. Thus, the distance ofan individual
point from the theoretical lines in (A) and (B) is an
index ofasymmetry within a growth zone. (C) Asym-
metry in the location of the hole in the cross walls of
50 growth zones (see inserts to [A] and [B]) was
determined by measuring the distance separating the
center of each cross wall (i.e., the center of a disc
described by the rotation ofDmin; Fig. 1C) from the
center of the cross wall gap (i.e., the center of a disc
produced by the rotation of Dgap; Fig. 1C). The
points in (C) show the position ofthe center ofthe gap
in relation to the center ofthe cross wall (solid line).
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However, a point of diminishing return is ap-
proached where further increases in the num-
ber of trapezoids fitted to a growth zone will no
longer result in a significant increase in the
precision or accuracy of the estimations ob-
tained. The error in estimating the surface area
and volume of curved structures by the rotation
technique was studied by fitting trapezoids to a
circle that had a diameter similar to that of the
cells analyzed in this paper. The number of
trapezoids fitted to the circle was determined by
the same criteria applied to curved peripheral
wall segments seen in growth zones (see leg-
ends to Fig. 1E for details). The surface area
and volume of the sphere calculated by the
rotation of these trapezoids were then compared
with the surface and volume values obtained by
substituting the known radius of the circle into
standard equations. This analysis indicated
that the rotational analogue method produced
average errors for the estimation of surface
area and volume of less than 2 and 4%, respec-
tively.
A far larger problem than determining the

number of measurements used for a reconstruc-
tion of growth zones is finding the suitable
numbers of thin sections of cells that have com-
pletely tribanded cell walls. As shown in Fig. 3,
small deviations in the plane of sectioning from
the longitudinal axis can produce quite signifi-
cant errors.

Finally, one source of error that is unrelated
to either the precision of the rotation technique
or the selection of thin sections of cells is the
precision with which cells grow even under
carefully controlled conditions. As shown in an
accompanying paper (13), the cells ofS. faecalis
are much more variable in the surface-to-vol-
ume ratios they show as they enlarge and enter
the last third of a cycle of growth.

It appears that the assumptions upon which
the rotational-analogue technique are based
appear to be valid within the present limits of
our measurements and the reservations ex-
pressed. Clearly, future use of the method (i.e.,
investigating cultures where the average cell
volume and macromolecular composition have
been altered by unbalanced synthesis) will allow
further evaluation of the accuracy and preci-
sion of the technique by determining changes
in the amount of cell wall material in these
populations. However, studies to date (see ref-
erence 13) suggest that the method is poten-
tially capable of yielding site-specific informa-
tion concerning the geometry and assembly of
bacterial envelopes that cannot be approached
at this time by available biochemical or bio-
physical techniques.
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