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We applied transmission electron microscopy and densitometric image analysis to measure the cell volume
(V) and dry weight (DW) of single bacterial cells. The system was applied to measure the DW of Escherichia
coli DSM 613 at different growth phases and of natural bacterial assemblages of two lakes, Piburger See and
Gossenkollesee. We found a functional allometric relationship between DW (in femtograms) and V' (in cubic
micrometers) of bacteria (DW = 435 - 1-%6); i.e., smaller bacteria had a higher ratio of DW to V than larger
cells. The measured DW of E. coli cells ranged from 83 to 1,172 fg, and V ranged from 0.1 to 3.5 pm® (n = 678).
Bacterial cells from Piburger See and Gossenkéllesee (n = 465) had DWs from 3 fg (V' = 0.003 pm?) to 1,177
fg (V = 3.5 wum®). Between 40 and 50% of the cells had a DW of less than 20 fg. By assuming that carbon
comprises 50% of the DW, the ratio of carbon content to V of individual cells varied from 466 fg of C pm™> for
Vs of 0.001 to 0.01 pm® to 397 fg of C pm~> (0.01 to 0.1 pm?®) and 288 fg of C pm~> (0.1 to 1 pm?).
Exponentially growing and stationary cells of E. coli DSM 613 showed conversion factors of 254 fg of C um™>
(0.1 to 1 pm®) and 211 fg of C pm™ (1 to 4 um?), respectively. Our data suggest that bacterial biomass in
aquatic environments is higher and more variable than previously assumed from volume-based measurements.
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Determination of morphological and physiological parame-
ters at the level of single cells is a major challenge in microbial
ecology, especially if one considers the heterogeneity of natu-
ral bacterial populations. The quantification of microbial bio-
mass in freshwater and marine ecosystems becomes particu-
larly important in the case of growth and production rate
determinations, as well as for turnover measurements of car-
bon, nitrogen, phosphorus, and sulfur (4, 6). Different methods
have been proposed for biomass estimation, such as epifluo-
rescence direct counts (14, 23) in combination with volume
measurements (5, 7) and quantification of macromolecular
components such as DNA (21) or proteins (30). However, the
assumptions are often ambiguous, and errors remain large. A
microscopically determined cell volume (})) may be converted
into biomass if the density and percent dry weight (DW) of the
cell are known, but often only average values such as a density
of 1.1 g cm ™ and a ratio of dry to fresh weight of 0.22 are used
(for a review, see reference 6). Bratback and Dundas (8),
however, suggested a ratio of DW to wet weight closer to 0.4,
and Bakken and Olsen (4) published a value larger than 0.3. If
the biovolume is determined, the biomass is usually estimated
by assuming a constant ratio (constant ratio model) of carbon
content (C) to V. Therefore, experimentally obtained conver-
sion factors are applied, although some authors (16) assumed
a constant carbon mass (constant biomass model) per cell for
natural bacterial populations. Biovolume-to-biomass conver-
sion factors reported in the literature vary up to fivefold with
respect to the commonly cited value of 0.121 g of C pm > (for
a review, see reference 6).

According to Norland et al. (20), an allometric relationship
can be determined between the biomass and volume of bacte-
ria. It is described by the following: B = ¢ - V¥, where B is
biomass, c is the conversion factor between biomass and V for
unity volume (V' = 1), and a is the scaling factor. This

* Corresponding author. Mailing address: Institut fur Zoologie und
Limnologie, Universitat Innsbruck Technikerstr. 25, A-6020 Inns-
bruck, Austria. Phone: 43 512 507 6130. Fax: 43 512 507 2930. E-mail:
roland.psenner@uibk.ac.at.

688

allometric relationship may partly explain the wide variation
of the reported conversion factors. However, conversion
factors were generally determined from cultured cells grown
in supplemented media or by using cultured aquatic bacte-
ria.

Consequently, they may not be applicable to natural aquatic
bacteria, which are usually much smaller and taxonomically not
well defined (2). As a matter of fact, differences in the physi-
ological state of the investigated bacterial cells are another
reason for the variety of conversion factors cited in the litera-
ture. Hence, the determination of conversion factors should be
made with natural bacteria and based on the measurement of
single cells.

The aim of this study was to develop a new method for DW
estimation of individual, natural bacteria by means of electron
microscopy and densitometric image analysis. The method has
then been applied to Escherichia coli cells and bacterial pop-
ulations of two lakes.

MATERIALS AND METHODS

Bacteria and sample preparation. E. coli DSM 613 was grown in batch culture
(500 ml) with Bact Nutrient Broth medium (8 g liter™') (Difco Laboratories,
Detroit, Mich.) at 37°C on a rotatory shaker. During exponential, late exponen-
tial, and stationary phases, subsamples were taken and fixed with formaldehyde
(2% vol/vol). Cells (>0.1 pm in diameter) were concentrated with a hollow-fiber
filtration system (Amicon, Witten, Germany) to reach a dense bacterial suspen-
sion.

Samples of natural bacterial populations were taken from the surface of two
mountain lakes in August 1995, the mesotrophic Piburger See (913 m above sea
level) and the oligotrophic Gossenkollesee (2,417 m above sea level) in Tyrol,
Austria. To get a dense bacterial suspension, 10 liters of sample was concentrated
to about 40 ml with the hollow-fiber system and fixed with formaldehyde (2%
voljvol). For calibration, latex spheres with a density of 1.055 g em > and
diameters of 0.093, 0.282, and 0.415 pm (Molecular Probes, Eugene, Oreg.) were
sprayed in microdroplets onto grids and air dried. For transmission electron
microscopy (TEM), copper slotgrids (Gropl, Tulln, Austria) supported with
Formvar film and coated with 0.5% bovine serum albumin (Sigma, Vienna,
Austria) were used. Drops of cultures were added directly onto the grids. After
1 min, the drops were carefully drained off with filter paper, and the remaining
cells were air dried before analysis.

Physical background. In the electron microscope the contrast of an image of
an effectively amorphous object (i.e., one in which the effect of coherent scat-
tering is negligible) is almost entirely due to the differential scattering of elec-
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FIG. 1. Relationship between IOD and DW of latex beads (mixed combinations of three different sizes). The linear regression model resulted in the following:

10D = 5.27 - DW — 1.08 (* = 0.996; n = 140).

trons by various parts of the object. Differential scattering prevents various
fractions of the incident beam from passing through the objective aperture of the
microscope and contributing to the image intensity (33). The intensity of a light
beam that passes through an object decreases exponentially with thickness and is
directly related to the mass per unit area. The exponential law of transmission for
the conventional TEM brightfield mode and the scanning TEM mode can be
used for quantitative determination of mass thickness of amorphous speci-
mens, such as supporting films, biological sections, and microorganisms (3,
26, 33).

Mass determination. The analysis was carried out with an electron micro-
scope, model EM 902 (Zeiss, Oberkochen, Germany), operating at 80 kV, an
electron intensity of 60 - 1072 eV mm ™2 s~ !, and a magnification of x4,400. In
order to increase the image contrast, we used elastically scattered electrons
emitted under small angles and nonscattered electrons, i.e., electrons with energy
losses of zero. To convert opacity values into mass, an electronic device (Dage
camera; Zeiss) in combination with an image analysis system (LUCIA S; Labo-
ratory Imaging, Prague, Czech Republic) was used. The electron opacity of an
object caused a characteristic, proportional grey value when the densitometric
measuring mode of the image analysis system was used. The mass of an object
was calculated from the integrated logarithmic grey value of the object under
investigation after subtraction of the integrated logarithmic grey value of the
uniform background of the same area as the object. This corresponds to the
integrated optical density (IOD), which gives an estimate of the mass of the
object. As shading effects occurred, two images were taken for each measure-
ment, one with the objects of interest and the second containing only the uniform
background as close as possible to the object itself.

Cell volume determination. An edge detection operator (28) was applied to
measure cell volumes. The system was calibrated with latex beads of known size.
Bacteria were considered as cylinders with hemispherical ends at each side. The
following formula was used to calculate } from the length (/) and width (w) of the
cells: V= [(w? - mw/4) - (I — w)] + (w - w?/6). This formula works equally well for
cocci and rods, as for cocci I — w becomes zero. Bacterial length was calculated
by means of a Feret box enclosing the object measured at different angles. The
maximal Feret’s diameter (fe,,,) at a certain angle equals the length of the
object, and the minimal Feret’s diameter represents the width of the object. For
elongated and thin objects the parameter length, calculated from area and
perimeter (length,p), gave a better approximation of bacterial length than fe
(data not shown). Therefore, bacterial length was defined as fe,,,,, if fe,,,, was
greater than or equal to length,p, and the minimal Feret’s diameter represents
the width of the objects. If fe,,,, is less than length,p, bacterial length is de-
scribed by length,p and bacterial width is described as area divided by
length zp.

Statistical analysis. Linear regression analyses were applied after log-log
transformation of the data (log Y = a + b log X). A functional regression was
used in the case where neither axis was independent (19).

RESULTS

For determining bacterial DW by means of TEM in combi-
nation with densitometric image analysis, optimizations of mi-
croscope and camera properties were necessary. The signal
produced in the electron microscope and processed by the
image analysis system depends on the beam current and the
properties of the camera. It was necessary to ensure a linear
relationship between input light intensity and measured grey
value and to ensure a large dynamic range of the camera while
keeping the optimal settings of contrast, sensitivity, and bright-
ness constant. An electron intensity of 60 - 107"°E mm ™2 s~
was selected as the beam current for DW measurements. At
this beam current the image produced on the fluorescent
screen of the electron microscope was dark for the observer,
but the camera was sensitive enough to obtain a measurable
picture. Working with this highly sensitive camera allowed us
to keep the beam current as low as possible, thus reducing
mass losses to a minimum. On the other hand, because of the
low beam current the noise level was high, and averaging of
255 images was necessary.

The illumination was heterogeneous, showing a decrease in
brightness of up to 60% from the center of the image to the
edges. The subtraction of background led to an even signal
across the field. However, if latex beads were shifted through
the viewing field (512 by 512 pixels), different IODs for iden-
tical latex beads were measured, because of geometrical, pin-
cushion-like distortions caused by the TEM and video camera
system. These errors were compensated for by applying a lin-
ear-correction factor depending on the distance from the cen-
ter. Apart from this correction, the area of measurement was
limited to the central part of the viewing field. By using the
above-mentioned corrections, the standard deviation of the
IOD of small, medium, and large latex beads could be reduced
to <10%, <5%, and <3%, respectively.

Small latex beads (diameter = 0.093 pm; DW = 0.85 fg)
were close to the lower sensitivity limit of this method, because
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TABLE 1. Quartiles and median values of DW of cultured E. coli
DSM 613 cells from different growth phases and of natural bacteria
from two different lakes

DW (fg) in percentile

Sample n
25% Median 75%
Lake water
Piburger See 283 11 19 46
Gossenkollesee 195 16 36 87
E. coli DSM 613
Exponential 136 358 489 622
Stationary 116 148 179 211

even small changes in the thickness of the film or flickering of
the cathode had a measurable impact on the accuracy of IOD
determinations. Variations in the thickness of the supporting
film occurred within the viewing field, and therefore measure-
ments of the background had to be made as close as possible to
the object itself. Flickering of the cathode and therefore alter-
ations of the electron beam were controlled by use of look-up
tables. Look-up tables were used to derive colors for grey-scale
values to create a pseudocolor display (27), so small or gradual
changes in image brightness due to cathode flickering became
clearly visible. By keeping all error sources under control dur-
ing the whole measurement, we could achieve a standard de-
viation of <10% for small and <5% for medium-sized spheres.
The upper limit of the method is set by the thickness of the
objects. If objects are too thick, multiple scattering will occur
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and a higher transmission than predicted is observed (26),
yielding to an underestimation of DW. According to Bahr and
Zeitler (3), the method is independent of shape, inhomogene-
ities, and chemical composition of the objects within its working
range of 107! to 10 '® g. Nevertheless, multiple scattering
could be detected in bacterial cells with inclusions such as
storage granules (data not shown). Furthermore, multiple scat-
tering is very likely if cultured cells thicker than 1 um are used.

The IOD of latex beads, based on mixed combinations of
beads of different diameters, showed a linear relationship with
DW (Fig. 1). For DW calculations we relied on the mean
diameter, with standard deviations from 2.6 to 7.9% of the
mean (n = 500) given by the manufacturers.

The DW of cultured E. coli cells from different growth
phases ranged from 83 to 1,172 fg (Fig. 2), with a median value
of 222 fg. For natural bacteria from Piburger See the DW was
between 4 and 326 fg (Fig. 2), with a median value of 19 fg
(Table 1). The median cell volume in Gossenkollesee samples
(0.04 pwm?®) was higher than in Piburger See samples (0.027
wm?), and the DW was between 3 and 1,177 fg (Fig. 2), with a
median value of 36 fg (Table 1). Also, 12 very light objects with
a DW of <3 fg and a diameter of <0.2 wm were detected in the
Gossenkollesee samples.

DISCUSSION

DW measurements. Published average DWs for E. coli
grown in batch culture with minimal medium were 278 fg in the
late exponential phase of growth and 154 fg at the early sta-
tionary phase (13). Fagerbakke et al. (10) reported a value of
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FIG. 2. Log-log plot of DW versus V with data from cultured and natural bacterial assemblages.
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FIG. 3. Comparison of bacterial Vs in populations from Piburger See (A) and Gossenkéllesee (B), determined by EFM and TEM.

710 fg (n = 26) for E. coli B6 wild type in the exponential
growth phase and 180 fg (» = 20) in the stationary phase by
summing up the dry masses of all measured elements and
assuming a hydrogen content of one-sixth of C. Large differ-
ences in DW during the exponential growth phase depend on
nutrient conditions and the type of the strain, but these differ-
ences are small in the stationary phase (10). Contrary to E. coli
B6, our strain was formaldehyde fixed, which may lead to a loss
of potassium and chlorine while other constituents remain in
the cell (13). Thus, artifacts caused by shrinkage due to fixation
and air drying may have affected our mass and volume mea-
surements. Natural bacteria were generally much smaller than
cultured ones, although there was a size overlap between E.
coli and bacteria from Gossenkollesee (Fig. 2). The existence
of cells with DWs around or below 3 fg, however, is question-
able, if one considers the minimum requirements for a cell, i.e.,
the minimum amount of DNA, ribosomes, enzymes, and lipids,
etc., which make up an organism (25). Assuming a minimum
genome size of ca. 0.6 - 10° base pairs (9) and a very large ratio
of DNA to cell mass (15%), we calculated a minimum DW of
ca. 7 fg. It is thus debatable if objects below 7 fg can be
considered bacteria (29). However, cell masses between 3 and
10 fg were reported by other authors (10, 13).

Cell volume determination. It has been observed that the
volume of formaldehyde-fixed and air-dried E. coli cells was
40% smaller than that of air-dried cells without any fixatives
(10). According to Heldal et al. (13), bacteria flatten during air
drying, whereas width and average cell length remain un-
changed compared with living cells. We observed heat-fixed E.
coli cells with a scanning probe microscope (unpublished data)
and found a considerable flattening, while width and length
were less affected by the drying process. The median volume of
E. coli DSM 613 measured by TEM was 54% smaller than that
determined by phase-contrast light microscopy for exponen-
tially growing cells and 64% lower for cells in the stationary
phase. In both cases, it was not length but primarily the width
of the cells that was affected. The volume distribution of nat-
ural bacterial populations from Piburger See and Gossen-
kollesee determined by TEM was similar to that determined by
epifluorescence microscopy (EFM) and DAPI (4',6-dia-
midino-2-phenylindole) staining (Fig. 3), despite measuring
lower cell numbers by TEM (Gossenkollesee, n = 195;
Piburger See, n = 283) than by EFM (Gossenkoéllesee, n =
954; Piburger See, n = 668). The median cell volume for
Gossenkollesee was 0.04 um® measured by TEM and 0.035
um? measured by EFM. We found similar median cell vol-
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FIG. 4. Plot of C:V ratios versus V' of E. coli in exponential and stationary growth phases (A) and natural bacterial populations (B). Panel A is a linear and panel

B is a log-log plot.

umes also for Piburger See (TEM, 0.027 um?; EFM, 0.028
wm?), which suggests that we may use our mass calculation
formula for cell volumes determined by EFM. One should
consider, however, that it is very difficult to measure the real
size of free-living bacteria; thus, our volume measurements by
EFM—although comparable to values found by TEM—can be

used only as a relative standard. An absolute calibration is still
missing, but most morphometric data on aquatic bacteria are
determined by EFM. Consequently, our formula can be ap-
plied to calculate dry mass for most standard applications.
DW:V. To our knowledge, the only published formula for
direct calculation of cellular DW from Vs is that of Norland et

TABLE 2. C:V ratios of different size classes and means of natural bacterial populations and of E. coli during exponential and stationary

growth phases”
C:V ratio of bacteria in size class (fg of C pm™3)
Sample
0.001-0.01 pum? 0.01-0.1 pum? 0.1-1 pum? 1-4 um3 Mean
Lake water 466 = 88 (54) 397 = 117 (323) 288 = 93 (99) 382 = 121 (476)

E. coli DSM 613 — —

254 + 40 (179) 211 + 34 (73) 242 + 43 (252)

“ Values are means * standard deviations. Values in parentheses are numbers of measured cells. —, n = 0.
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al. (20). Similarly, we found an allometric relationship between
DW and V (Fig. 2). Our scaling factor was less than unity,
suggesting that smaller cells tend to have a higher DW:}/ ratio
than larger ones. Compared to a scaling factor of 1, ie., a
constant volume-to-mass ratio, our scaling factor gives about
twice as much weight to very small cells (JV = 0.01 um?) and ca.
40% more weight to cells of 0.1 pm®. An allometric relation-
ship was reported also by Simon and Azam (30) for the protein
content of bacterial assemblages from seawater, and by Kroer
(15) for carbon and nitrogen. Verity et al. (31) published an
allometric relationship between cell volume and C and N con-
tent of unicellular algal cultures. Their correlation between C
(in femtograms) and V' (in cubic micrometers) (C = 433 -
1/9-863) was similar to our functional relation, although ours was
for dry weight (DW = 435 - 1'°8%). According to Norland (19),
the use of a predictive regression is not appropriate as none of
the axes is independent; thus, a functional regression coef-
ficient (scale factor) of 0.86 was used. In our case it was
rather similar to the scaling factor of 0.85 resulting from a
predictive regression with volume as the independent vari-
able.

C:V. For calculating C of individual cells it is generally
agreed that carbon comprises approximately 50% of the DW
(5, 10, 18). By using this conversion factor, we found an aver-
age C:V ratio of 382 fg of C wm > (range, 128 to 725 fg of C
cm ™ n = 477) for natural bacterial populations, which is
consistent with findings of high C:1" values, such as 560 fg of C
wm > (7), 354 fg of C m ™3 (5), 380 fg of C um " (16), and 720
fg of C wm ™2 (15), but in contrast with recent results of Fag-
erbakke et al. (10), who found only 32 to 160 fg of C pm . In
that study, however, the authors put more emphasis on the
quantification of the C:N:P quotient of single cells than on the
determination of absolute C:V ratios. Lower C:V ratios were
also determined by Nagata and Watanabe (18) for freshwater
bacterial populations grown in lake water filtrate or in water
enriched with nutrients. Their C:V ratio of 140 fg of C pm
compares well with the commonly used C:V ratio of 121 fg of
C pm™? from Watson et al. (32). As mentioned above, one
possible reason for finding higher conversion factors is the
underestimation of cell volumes, caused by the shrinkage ef-
fects due to fixatives and air drying, although several conver-
sion factors in the literature were established with fixed cells
without correction for shrinkage effects.

Constant biomass model. Besides the widely used constant
ratio model, Lee and Fuhrman (16) proposed a constant bio-
mass model. They found that bacteria with cell volumes of
0.036 and 0.073 wm?® both contained 20 + 0.8 fg of C cell ™",
whereas Simon and Azam (30) concluded that cells in the
range of 0.036 to 0.07 wm® would contain 13 to 19 fg of C
cell™!, based on measurements of protein and macromolecular
inventory. Cells in that size range from Piburger See and Gos-
senkollesee had a comparable mean C of 20 = 8 fg of C cell !
(range, 5 to 58 fg of C cell™*; n = 92) but with a much higher
variation (40%), which shows that the assumption of a constant
C per cell is not suitable. And yet a constant ratio model would
not fit our data (Fig. 4), which show that C:V/ ratios for natural
bacteria are between ca. 150 and 700 fg of C um >. Moreover,
natural bacteria have a larger scatter than cultured E. coli cells
(Fig. 2 and 4), but also for E. coli the conversion factor
changed when the culture shifted from the exponential to the
stationary phase (Table 2 and Fig. 4A). In addition, natural
bacterial populations from different lakes may have different
conversion factors, as suggested by Fig. 4B, but we still need
more data to confirm this hypothesis. Kroer (15) showed that
conversion factors were dependent not only on bacterial size
but also on temporal and geographic variations, indicating
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possible influences of species composition, nutrition state, and
growth rate, etc. He observed changes from 60 to 350 fg of C
wm~? within 3 weeks, and in cultures with approximately equal
bacterial sizes in the early stationary phase C ranged from 350
to 1,350 fg of C um > (15). Nevertheless, according to Nagata
and Watanabe (18) the fivefold variability of the conversion
factor found in the literature cannot be explained on the basis
of possible differences in the nutritional stage of bacterial pop-
ulations. Furthermore, differences in habitat (i.e., freshwater
versus seawater) may also explain the large variability of the
conversion factors found in the literature. Bjgrnsen (5) found
that the C:V ratio for freshwater bacteria (310 fg of C pm )
was significantly lower than that for estuarine bacteria (410 fg
of C wm™?). Whether different media (e.g., those with a dif-
ferent salt concentration [10]) or the presence of different
phyla (for instance, the dominance of « versus 8 Proteobacteria
in marine environments [11, 12]) is responsible for such dif-
ferences is an open question. For small marine planktonic
bacteria an increasing ratio of DW to wet weight with decreas-
ing V' was detectable, with the consequence that smaller cells
gradually become dry and richer in carbon (30). Although
physiologically not well understood, this phenomenon may
have major ecological consequences.

Conclusions. Dry mass of natural bacterial cells varies over
about 3 orders of magnitude, with a variable but high ratio of
DW (or C) to V, which suggests that the importance of bacte-
rioplankton in aquatic food webs may have been underesti-
mated in previous studies. This has consequences for the cal-
culation of biomass distribution, productivity, grazing, and
element fluxes in aquatic ecosystems. To our knowledge, our
approach is, with X-ray microanalysis, the only method avail-
able for the simultaneous determination of DW and size of
single cells. Certainly, we need much more information about
what happens when a living cell is stuck on surfaces such as
microscope slides, membrane filters, and Formvar films, etc.,
to be observed in the epifluorescence, the transmission elec-
tron, or the atomic force microscope. We think, however,
that our formula yields a correct mass estimation based on
the size determination of fixed and DAPI-stained bacteria in
the EFM while an absolute mass-to-volume ratio is still
missing.

At present, the vast majority of the bacteria that exist in
aquatic systems have been neither cultivated nor physiologi-
cally characterized (1, 2). Nonetheless, constant biomass or
constant ratio models are widely used to estimate bacterial
biomass, which is of little help for the understanding of func-
tional relationships between bacteria and other components of
food webs. Consequently, we do not know much about, e.g.,
biomass allocation within different size classes or phyla (22)
or the relationship between activity and cell size (24). Correct
estimates of biomass distribution, however, are a basic require-
ment in microbial ecology. Therefore, we need more measure-
ments of dry mass and carbon, nitrogen, and phosphorus
contents of aquatic bacteria combined with a reliable determi-
nation of size, physiological status (DNA and RNA, etc.),
and taxonomic classification of single cells under natural condi-
tions.
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