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The size frequency distribution of planktonic cells of purple sulfur phototrophic bacteria was measured at
several depths in a bacterial layer of Lake Cisé (Spain). The bacterioplankton was dominated by Chromatium
minus (87 to 94% of the total biomass). The largest cells of C. minus were found in the top part of the bacterial
layer. In addition, the in situ and potential specific photosynthetic activity (CO, fixation and acetate uptake)
and specific pigment content were measured in relation to several key environmental parameters that
determine the activity of cells. Potential growth rates were estimated from production rates and biomass. A
maximal specific growth rate of 0.074 h~! was found for the top part of the bacterial layer. Photosynthesis
versus light and versus sulfide curves among field samples indicated that light was the main limiting factor
controlling the activity of C. minus in Lake Cis6. The specific bacteriochlorophyll a content was very high in
all samples (0.27 to 0.36 pg pg of C!). Results of laboratory experiments performed with pure cultures
indicated that the average cell volume changes from 5.9 to 20.0 pm® and that differences in growth rate,
breakdown, or synthesis of sulfur and glycogen and degradation of the photosynthetic apparatus are the main

factors accounting for the observed changes in cell volume across the bacterial layer.

It is well known that resting cells collected during the
stationary phase of growth in batch cultures are smaller than
exponentially growing cells (13). The scattered data from the
studies performed under unrestricted balanced growth con-
ditions or in chemostat culture indicate that cell mass
(mainly RNA content) increases as a function of growth rate
in many procaryotes (12, 13, 19; L. Van Liere, Ph.D. thesis,
University of Amsterdam, The Netherlands, 1979) and
eucaryotes (4, 5). On the other hand, under restricted growth
conditions, that is, availability of sufficient energy or carbon
source but strong limitation or starvation of nitrogenous
compounds (or some essential micronutrients) that are nec-
essary for growth, cells can synthesize storage materials
such as glycogen, poly-B-hydroxybutyrate, or polyphos-
phate (7, 13, 14, 20). The synthesis of these storage materials
can take place independently of growth, resulting in an
increase in cell volume. In addition, degradation of such
polymers under certain conditions may decrease cell vol-
ume.

Some information has been obtained about the size of
bacteria in aquatic ecosystems, indicating that they are
larger in eutrophic freshwater lakes than in oligotrophic or
marine systems (2, 8, 24, 29, 32, 44, 45). Also, cell size is
larger in bacteria that are attached to particles than it is in
free-living bacteria (25). It seems that the larger sizes of
bacteria in nature are associated with the richness of the
environment and, in general, with the cell growth rate or
metabolic activity, as occurs in laboratory cultures with
synthetic media. Changes in species composition,
pleomorphism, filamentation, etc., would be important fac-
tors, however, in determining size changes of the overall
community, therefore providing additional difficulties in
carrying out these kinds of studies. Furthermore, natural
environments are more complicated than simple laboratory
experiments, and often a combination of several environ-
mental factors influences the physiological state of a given
microorganism, thus affecting its size and growth rate.
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Environments in which sharp physicochemical gradients are
formed are useful for studying factors that affect size
changes in bacteria under natural conditions.

Phototrophic bacteria are suitable microorganisms for this
purpose because they form blooms or plates under very
sharp gradients of light, sulfide, temperature, etc. (26, 39,
42). Under many of these situations, in the bacterial layer
light decreases and sulfide increases with depth to levels that
result in strong limitation or inhibition of growth, depending
on the species. For this reason separated layers of members
of the family Chromatiaceae often are found underneath
members of the family Chlorobiaceae in the vertical profile
(22), and in some lakes several layers composed of a
dominating species have been observed (3, 17). This situa-
tion occurs in lakes of the Banyoles karstic area, and this is
extremely useful for the purposes of this study because a
broad range of physiological states of a single species may be
observed, depending on the sampling depth.

In this study I focus mainly on the analysis of changes in
cell size of natural populations and pure cultures of
phototrophic bacteria related to changes in the physiological
state. The field results obtained with layers of the genus
Chromatium are compared with results of laboratory exper-
iments performed with pure cultures.

MATERIALS AND METHODS

Field samples. Samples were collected from Lake Cisé
(Spain) located in the Banyoles karstic area (42° 08’ N, 2° 45’
W) (10, 22). Samples containing phototrophic bacteria were
taken from the bacterial layer with a peristaltic pump (WAB
LPA-2; W. A. Bachofen, Basel, Switzerland) connected to a
sampling device that minimized water turbulence. For elec-
tronic particle analysis, 22-ml tubes were filled anaerobi-
cally, and cells were fixed in situ with formaldehyde (final
concentration, 1% [wt/vol]).

Electronic particle sizing. Fractions of 0.1 or 0.5 ml were
added to a counting vial containing 20 ml of Isoton (Coulter
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Electronics Ltd.) and measured with a counter (model ZB;y;
Coulter) connected to a multichannel analyzer (C-1000;
Coulter) and recorder (X-Y; Coulter). An aperture tube
(diameter, 30 wm) and appropriate windows were used for
counting and sizing particles with volumes ranging from
about 2 to 40 pm®, Care was taken to minimize external
interferences by following the suggestians of the manufac-
turer. Calibration was performed with latex spheres (average
diameter, 2.02 and 3.07 pum; Coulter). Isoton was isosmolar
with Chromatium minus cells because no changes in cell
volume were detected on several hours of incubation. In
addition, no significant changes in the size frequency distri-
bution were detected between a live and a preserved sample
of C. minus. The Coulter counter was useful for sizing these
bacteria because the species that were analyzed did not
remain attached after they completed division and did not
form clumps under the experimental or field conditions
under which they were examined.

Optical microscopy and biomass analysis. The total bacte-
rial concentration was measured by the acridine orange
direct counting (AODC) method (45). Samples were filtered
through filters (pore diameter, 0.2 pm; Nuclepore Corp.,
Pleasanton, Calif.) stained with acridine orange, and bacte-
rial cells were counted with an epifluorescence microscope
(BHB; Olympus). The biovolume was calculated from cell
concentration, as determined by the AODC method, and
from the individual size frequency distribution for each
morphotype obtained by either phase-contrast microscopy
or measurement with a Coulter counter. This was because
significant shrinkage (up to 40% of initial volume) of the
Chromatium cells was observed when the AODC method
was used. No significant differences were detected in aver-
age cell volume when the Coulter counter and phase-
contrast microscopic methods of determination were com-
pared. In the case of phase-contrast microscopy, the size of
rod-shaped cells was obtained from measurements of length
and width and by assuming that the cells were cylinders with
hemispherical caps. Biomass was calculated by assuming an
average specific density for Chromatium spp. of 1.10 g ml~!
(9) and an average specific density for the rest of the bacteria
of 1.07 g ml™! (6).

Chemical analysis. Sulfide was determined by the methy-
lene blue method (33). Sulfur was assayed colorimetrically at
460 nm by the cyanolysis method (30) or by measuring the
Asg of ethanolic extracts (96%) (H. Van Gemerden, Ph.D.
thesis, University of Leiden, Leiden, The Netherlands,
1967).

Pigment analysis. Bacteriochlorophylls (Bchl) were as-
sessed by visible absorption spectroscopy of acetonic ex-
tracts, as described previously (22).

Carbon dioxide and acetate photoassimilation. Photosyn-
thetic activity was measured by determining CO, or acetate
uptake. To each 25-ml bottle containing lake water, 100 pl of
a stock solution of either [“Clbicarbonate or [*H]acetate
(100 u.Ci ml~!; Radiochemical Centre, Amersham, England)
was added. Light and dark bottles were incubated at the
original depth or under laboratory conditions for 30 min.
Incubation was stopped by placing the bottles at 4°C in the
dark, and their contents were filtered through membrane
filters (pore diameter, 0.45 pm; Sartorius GmbH, Géttingen,
Federal Republic of Germany). For removal of residual
[“C]bicarbonate, the filters were placed into scintillation
vials containing 0.2 ml of 2 N HCl and degassed. For
removal of residual [*H]acetate, the filters were rinsed three
times into the filtration unit with 10 ml of acetate buffer (0.2
M, pH 7.5). Afterward, 8 ml of Handifluor (Mallinckrodt,

CHANGE IN SIZE OF C. MINUS 865

Inc., St. Louis, Mo.) was added to each scintillation vial,
and radioactivity was measured in a liquid scintillation
counter (Rackbeta 1211; LKB-Wallac, Turku, Finland). Re-
sults were corrected for quenching by the external standard
channel ratio method. The parameters Prax and I for the
photosynthesis-light curves were obtained by fitting data to
the generalized hyperbolic inhibition equation described by
Iwakuma and Yasuno (16) by using a derivative-free,
nonlinear regression procedure (BMDPAR) (28).

Calculation of growth rate from production rates and
biomass. Because most of the biomass detected in Lake Cis6
on 31 August 1981 was due to C. minus (see below),
photosynthetic production was mainly due to the result of
light-dependent CO, uptake by this bacterium. Estimates of
growth rates can be obtained from production rates and
biomass, on the condition that both parameters are given in
the same units. Assuming an exponential growth model and
according to Tilzer (34), the rate of biomass increment in the
absence of losses is p = In (1 + P/B), where P is the
photosynthetic production, in micrograms of carbon per liter
per hour, and B is the biomass, in micrograms of carbon per
liter.

Because cell carbon was not measured in this study,
transformation of the biomass data into the amount of living
carbon (originally expressed as wet weight [ww]) is neces-
sary. Dry weight (dw) is an average of 20% of the ww of
microbial cells (15, 23), and living carbon is 55% of the dw in
Chromatium spp. (Van Niel, cited in reference 18). There-
fore, living carbon is about 11% of the ww. In phototrophic
bacteria, however, not all of the carbon that is assimilated is
used for the synthesis of structural cell material (growth); a
certain portion is derived for the synthesis of storage carbo-
hydrates or is excreted. The ratio between the specific rate
of glycogen synthesis and the specific growth rate in
Chromatium vinosum at dilution rates below 0.1 h™! in
chemostat cultures is fairly constant. Approximately 5% of
the reducing power obtained from the electron donor oxida-
tion is channeled into storage carbohydrate synthesis (1).
Furthermore, a part of the 4CO, that is assimilated may be
leakéd or excreted into the medium. Average values of 20%
of the total carbon assimilated have been reported for this
process (27). Therefore, it may be expected that 25% of the
assimilated carbon does not result in growth. Then, a cor-
rection factor of 0.75 should be applied to the production
rates to have a more realistic estimation of the specific
growth rate of Chromatium spp. in the field. According to
these transformations, the estimated growth rate (p) is: p =
In [1 + (0.75P/0.11W)], where W is the biomass, in micro-
grams (ww) per liter.

Pure culture experiments. Pure culture experiments were
carried out with C. minus UA6001 grown in a modified
Pfennig medium (42) of the following composition, in micro-
grams per liter: NH,4Cl, 300; K,HPO,, 300; CaCl, - 2H,0,
200; MgCl, - 6H,O, 200; KCI, 200; Na,CO;, 2,100;
Na,S - 9H,0, 150. In addition, 10 ml of trace elements
salution (SL7) and 20 pg of vitamin B,, per liter were
included. The pH was adjusted to 7.1 with hydrochloric acid.
Illumination was provided by a bank of fluorescent lamps in
an incubation chamber at 27°C. Particular growth rates were
achieved by incubating the cultures at given light energies,
which were obtained by changing the distance from the light
source. Light energy was measured with a quantum meter
(model 550; Crump Scientific Products Ltd.).

Statistical analysis. The 2X N chi-square test of indepen-
dence was used for evaluating the differences between size
frequency distributions (31). One of the advantages of this
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method is that it includes evaluation of the differences in
shape of the size distributions.

RESULTS

Species composition in field samples. In Lake Cisé during
August 1979, 1980, and 1981, water samples were pink-
purple in color, and phase-contrast microscopy revealed at
least three main morphological groups of microorganisms.
Motile cells with intracellular sulfur globules with widths of
2.2t0 3.0 pm and lengths of 3.3 to 6 pum were observed as the
dominant microorganisms (Fig. 1). Also, rod-shaped cells
without intracellular sulfur, sometimes forming chains of not
more than three or four cells with an average size of 0.6 by
1.5 wm, and very few aggregates of the gas-vacuolated,
unidentified phototrophic bacterium strain M3 were detected
11).

Most of these cells showed yellow-green fluorescence in
vivo when illuminated with blue-UV light under the epifluo-
rescence microscope, indicating their phototrophic nature.
In vivo absorption spectra and pigment analysis of thin-layer
chromatography (data not shown) confirmed the presence of
dominant populations of purple sulfur bacteria, which con-
tained okenone as the major carotenoid and Bchl a, and less
abundant green sulfur bacteria, which contained chloro-
bactene-isorenieratene and Bchl d or e.

Afterward, all species of phototrophic bacteria were iso-
lated in pure culture. The dominant purple sulfur bacterium
was identified as C. minus, and the dominant green sulfur
bacteria were identified as Chlorobium limicola and
Chlorobium phaeobacteroides. In the samples obtained in
August 1979, 1980, and 1981, C. minus accounted for 87 to
94% of the total biomass in the bacterial layer, as determined
by the AODC method.

The Coulter counter method revealed three main size
classes, with an average volume of 13 to 16 pm? (volume
range, 5 to 30 pm3) corresponding to C. minus cells, an

FIG. 1. Epifluorescence photomicrograph of a sample taken
from the peak part of the bacterial layer of Lake Cis6é on 31 August
1981. The sample was stained with acridine orange and prepared by
the method of Zimmerman (45). Arrows indicate cells of C. minus
(C) and M3 aggregates (M). Bar, 10 um.
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FIG. 2. Size frequency distribution of C. minus cells at several
depths within the bacterial layer in Lake Cis6 on 28 August 1981.

average volume of 0.3 um? (up to 1 pm?) corresponding to
Chlorobium spp. or other small nonphototrophic bacteria,
and an average volume of 50 to 150 pm? corresponding to
strain M3 aggregates. These results were in accordance with
those obtained by phase-contrast microscopy.

Biomass, cell size, and activity across the bacterial layer. At
the time of this study the lake was sharply stratified. Lake
Cis6 showed very strong vertical gradients of temperature,
light, and sulfide and oxygen concentration near the surface.
The environmental conditions differed greatly every few
centimeters. On 28 August 1981, statistically significant
differences (P < 0.005) in the size of C. minus cells were
detected when their size frequency distribution among the
top (depth, 0.6 m) and bottom (depth, 3 and 8 m) parts of the
bacterial layer was compared (Fig. 2). Differences between
top and peak cells were borderline between being significant
(0.25 < P < 0.50) or not. No significant differences were
found between peak and bottom cells (0.90 < P < 0.95). In
this top part the cells were larger (average volume, 16 um?)
than in the bottom part (average volume, 13.0 pm?).

To assess the physiological state of C. minus cells across
the vertical profile, in situ measurements of the photosyn-
thetic activity (CO, and acetate light-dependent uptake)
were performed on 31 August 1981. At the same time, key
physicochemical and biochemical parameters were mea-
sured (Table 1). Photosynthetic activity was strongly related
to temperature and the available light energy, suggesting that
the more active cells were situated in the top part of the
bacterial layer. The specific growth rate estimated from
photosynthetic production and biomass at each sampling
depth (see above) suggested that growth occurs at a depth of
between 0.25 and 0.75 m, whereas no significant growth was
detected in the bottom layers (depth, 3 to 8 m). A maximum
specific growth rate of 0.074 h™! (doubling time, about 9 h)
was calculated for the top part of the bacterial layer. When
a correction was applied for the effect of temperature on
photosynthetic activity or growth rate, light appeared as the
key environmental factor controlling these parameters. As-
suming a Qo of about 2.0 and taking into account a differ-
ence of 7°C in the temperature of samples from the top and
bottom parts, the values changed only slightly. In a parallel
experiment, the bottom cells, which remained in situ with
little or no light, were found to have significantly lower
photosynthetic efficiencies than peak or top cells (Fig. 3).
The sample taken from a depth of 1.75 m showed an almost
linear relationship with light energy (up to 30 microeinsteins
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TABLE 1. Vertical distribution of temperature, light energy, sulfide, biomass, and Bchl a in relation to the photosynthetic activity and
estimated growth rate of C. minus in Lake Cis6 on 31 August 1981

Biomass Photosynthetic
Depth Temp Photon flux density Sulfide concn (mg ww liter™!) of“: Bchl a concn activity of?: Estimated specific
(m) °C) (REm2s7)) (mM) _— (pg liter™1) growth rate (h~!)°
C NC CO, Acetate
0.25 21 850 <0.1 4.6 1.8 190 72.0 1,180 0.074
0.60 20 25 0.1 13.4 0.6 539 51.6 455 0.025
0.75 19 1.5 0.3 21.4 1.0 749 34.8 250 0.011
1.00 17 0.25 0.6 10.9 0.8 394
3.00 14 0 1.4 5.6 0.2 195 4.8 115 0.006
8.00 14 0 1.6 4.6 0.4 143 2.4 120 0.003

@ C, C. minus cells; NC, rod-shaped cells with less than 1-um? volume and aggregates of M3 (50 to 150 um?).
5 CO, uptake rates are in micrograms of C per liter per hour; acetate uptake rates are in kilodisintegrations per minute per milligram of protein per hour.

¢ Calculated from production data and total biomass (see text).

[wE] m~2 s7!), and the slope was considerably higher than
for the sample from 8 m.

Further laboratory experiments performed with field sam-
ples resulted in additional evidence that light energy is
probably the most important environmental factor determin-
ing the activity and growth rate of C. minus in Lake Cis6. A
sample from the peak of the bacterial layer of June 1984 with
a similar microbial composition (C. minus beirig the domi-
nant microorganism) was taken, and the rate of CO,
photoassimilation was measured in the laboratory under
light saturation conditions (100 p.E m~2 s~1) at several initial
sulfide concentrations (Fig. 4). Results indicate that photo-
synthetic activity is fairly constant (480 to 510 p.g of C mg of
Bchl a~! h™Y) within the range of sulfide concentrations of
0.1 to 1.0 mM (concentrations observed in the field samples
obtained in 1981). Sulfide concentrations of about 2.5 mM
resulted in a drop of 50% in the CO, photoassimilation rate,
and no activity was detected at a 10 mM sulfide concentra-
tion. On the other hand, when the photosynthetic activity
was measured under a nonlimiting sulfide concentration (0.3
mM) but at several light energies, light had a pronounced
effect (Fig. S). The activity increased linearly up to 40 nE
m~2 571, the Ppax was 578 pg of C mg of Bchl = h™!, and
the I, was 40.8 pE m~2s71,

Changes in size during growth in pure cultures. Figure 6
shows the results of an experiment in which C. minus
isolated from Lake Cis6 was grown in batch culture under
photoautotrophic conditions, with sulfide as the electron
donor. The time course of sulfide and sulfur and the number
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FIG. 3. Relationship between specific photosynthetic rate of
CO, photoassimilation and light energy in samples of C. minus from
Lake Cis6 taken from the peak (0.75 m) and bottom (8 m) parts of
the bacterial layer on 28 August 1979.

and size of the cells were monitored during the experiment.
Cells utilized sulfide and accumulated intracellular sulfur,
but when sulfide was depleted, a marked decrease in the
sulfur content of the cells began. During the lag phase cells
were the smallest (average size, 8.5 pm?®), whereas during
mid- and late-exponential phases the average sizes were 16.0
and 14.3 pm?, respectively. Differences in size were signif-
icant only between cells in the lag and exponential phases (P
< 0.005). For assessment of the influence of sulfur content
and growth rate on the size of C. minus cells, the time course
of sulfur, Bchl, cell concentration, and size distribution were
monitored in detail in batch cultures. Different growth rates
were obtained by incubating each culture at a given light
energy.

Results indicate that the average size of cells with similar
sulfur contents (92 to 103 fg um™3) was dependent on the
growth rate (Fig. 7). Cells that grew at high rates (0.035 and
0.067 h™!) were significantly larger (P < 0.005) than their
counterparts that grew at low rates (0.019 h™!). The Bchl a
content was 6,633 fg pm ™3 (0.047 pg pg of C™Y) at 0.019 h™!
and 4,152 fg pm™3 (0.031 pg pg of C1) at 0.067 h™1.

In cells that grew at the same growth rate (0.035 h™Y), size
was directly related to sulfur content (Fig. 8). Statistically
significant differences (P < 0.005) were detected between the
size distribution of cells with a high sulfur content (66 and 93
fg pm™3) and cells with a low sulfur content (21 fg pm™3).
The average size of C. minus cells ranged from 5.9 um~3 for
stationary-phase cells without sulfur to about 20.0 wm? for
cells growing at a maximal rate (0.067 h™!) with 120 fg pm™3.
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FIG. 4. Effect of sulfide concentration on the CO, photoassimila-
tion rate of a sample taken from a bacterial layer of Lake Cisé in
June 1984. The experiment was performed under constant illumina-
tion, at 100 wE m~2 s~!. The microbial composition was similar to
that observed during August 1981.

SPECIFIC PHOTOSYNTHETIC ACTIVITY
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FIG. 5. Effect of light energy on the CO, photoassimilation rate
of a sample taken from the bacterial layer of Lake Cis6 in June 1984.
The experiment was performed at an initial sulfide concentration of
0.3 mM.

DISCUSSION

In Lake Cisé significant changes were observed in the
average size of C. minus cells in samples collected from the
top and bottom parts of the bacterial layer during summer
stratification. The decrease in cell size that I observed within
the vertical profile of the lake was strongly related to the
decrease in the photosynthetic activity, which followed a
light-dependent pattern. Theoretically, however, there are
several metabolic processes that affect cell size changes in
field populations. They include changes in growth rate,
accumulation or degradation of storage materials, and adap-
tation of the photosynthetic apparatus to changes in light
energy within the vertical profile.

Changes in growth rate. The specific growth rates for C.
minus in Lake Cis6, as calculated from production and
biomass data, gave maximum values of 0.074 h™! at the top
of the bacterial layer. Pure cultures showed a maximum
specific growth rate of 0.067 h™! in Pfennig medium at 100
pE m~2 571, suggesting that cells at the top of the bacterial
layer grew at the maximum growth rate (pmay). Below 0.75 m
the estimated specific growth rate was very low (0.003 to
0.006 h™?) because light energy was lower than 0.25 pE m™2
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FIG. 6. Size frequency distributions of C. minus cells (b) in
relation to sulfide (x), sulfur (@), and cell concentrations (O) (a) in
a growing batch culture. The lag phase (A), mid-exponential phase
(B), and early stationary phase (C) are shown.

ApPPL. ENVIRON. MICROBIOL.

(%)

FREQUENCY

020 30 40
SIZE (pm)

FIG. 7. Effect of growth rate on the size frequency distribution
of C. minus cells with similar intracellular sulfur content (92 to 103
fg wm™3). Specific growth rates are 0.067 (a), 0.035 (b), and 0.019 (c)
h-1.

s~1. Accotding to this it has been reported that light energy
values below 0.3 p.E m~2 s~ do not provide sufficient energy
for growth in members of the family Chromatiaceae (38).
The growth rate in phototrophic sulfur bacteria, however, is
controlled not only by light energy, but also by the concén-
tration of electron donor (namely, sulfide), which also has
influence. In purple sulfur bacteria the K value for growth
with sulfide ranges from 7 to 10 pM (37, 39, 41). As a
consequerice the differences in growth rate of C. minus cells
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FIG. 8. Effect of sulfur contents on the size frequency distribu-
tion of C. minus cells at constant growth rate (0.035 h™'). Sulfur
contents are 93 (a), 66 (b), and 21 (c) fg um™3.



VoL. 53, 1987

observed between samples from 0.6- and 1.0-m depths in
Lake Cis6 should not account for differences in sulfide
concentration (100 to 600 wM) because they were 10 to 100
times higher than the K reported for members of the family
Chromatiaceae. In addition, this was confirmed in labora-
tory experiments with field samples, because no significant
changes in photosynthetic activity were observed in a sulfide
concentration range from 0.1 to 1 mM.

Therefore, because there is a direct relationship between
the average size of Chromatium spp. and growth rate in pure
cultures, it is understandable that actively growing cells from
the top part of the bacterial layer in the lake are larger than
their nongrowing counterparts from the bottom.

Differences in sulfur content. The assumption that size is
related exclusively to growth rate is valid only for certain
microorganisms when growth is balanced and no accumula-
tion of storage polymers is taking place (glycogen, sulfur,
poly-B-hydroxybutyrate, polyphosphate, etc.). In purple sul-
fur bacteria balanced growth occurs together with synthesis
or degradation of storage polymers (40; Van Gemerden,
Ph.D. thesis). In C. minus cells at a constant growth rate,
size is affected by the specific sulfur content. It has been
proven that accumulation of sulfur affects size in other
members of the family Chromatiaceae, but only to a certain
extent (9, 35). Van Gemerden (35) showed that in Chroma-
tium sp. strain 6412, cells were larger during the phase of
maximum sulfur accumulation, whereas they were progres-
sively smaller when sulfur was oxidized during the sulfur
depletion phase. In these experiments, however, the de-
crease in cell volume could not be accounted for exclusively
by the disappearance of intracellular sulfur. The maximum
sulfur content in the Chromatium cells from the phase of
maximum sulfur accumulation was about 7% (vol/vol),
whereas the observed variation in cell volume when all
sulfur was consumed accounted for 50%. Similar conclu-
sions can be deduced from the experiments of Guerrero et al.
(9) with C. vinosum. In C. minus the maximum sulfur
accumulation was about 8%, whereas the observed differ-
ences in cell volume after complete sulfur consumption
accounted for 46%. Glycogen, RNA, and DNA were not
measured in the experiments described here. RNA and
DNA, however, would not be expected to have an effect on
the results presented here because during balanced growth
(exponential phase) the amount per cell was relatively con-
stant. Therefore, it can be concluded that other storage
polymers such as glycogen that accumulate or that were
oxidized at the same time as sulfur probably explain the
difference.

In this report it has been shown that for C. minus in the
field, the variation in size from top and bottom cells accounts
for about 18%. Furthermore, a decrease of S to 10 times in
the specific sulfur content and of 4 times in the specific
glycogen content was found for bottom cells when compared
with top cells in an experiment performed during July 1982 in
Lake Cis6 (11, 43). Then, degradation of sulfur and glycogen
occurred during sinking of the cells across the dark zone of
the bacterial layer. This may be the result of endogenous
respiration because in Chromatium spp. the glycogen that
accumulated in the presence of light could be oxidized in the
dark with sulfur as the electron acceptor, producing sulfide
(36). Nevertheless, this process did not provide sufficient
energy for growth (Van Gemerden, Ph.D. thesis) but still
contributed to cell survival and maintenance for long periods
of time. Therefore, part of the differences in volume between
top and bottom cells also could be explained by differences
in the sulfur and glycogen content caused by a breakdown of
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TABLE 2. Specific Bchl a content in several pure cultures
of members of the family Chromatiaceae
in comparison with field samples

Specific Bchl a content®

Reference or

Sample Kg mg source

pg ug
ww1 Cc!

Several species of the
family Chromatiaceae®

0.2-5.0  0.002-0.045 22

Chromatium vinosum® 4.1 0.037 39
Chromatium sp.? 4.0 0.036 18
Chromatium minus® 3.5-5.4 0.031-0.049 This study

Chromatium minus under 53.9 0.49
day-night cycles®

Field samples of
Chromatium spp.

This study

5.1-64.9 0.046-0.59 This study; 21

2 Values originally reported were transformed into carbon, assuming that
the C/ww ratio is 0.11, the C/protein ratio is 2, and the C/dw ratio is 55%.

b Grown under continuous illumination conditions.

¢ Incubated at room temperature in front of a window.

storage materials used for survival purposes in the dark
zone.

Adaptation or degradation of the photosynthetic apparatus.
The specific Bchl a content in the field populations of C.
minus that were studied was very high (0.27 to 0.36 pug pg of
C™!) when compared with data reported previously with
pure cultures of members of the family Chromatiaceae
grown under conditions of continuous illumination (Table 2).
At first it might be suggested that these high values are
caused by high amounts of nonliving (detrital) Bchl a in the
samples. There is no evidence, however, for such a hy-
pothesis because the amount of bacteriophaeophytin ac-
counted for only 10 to 25% of the total Bchl (J. M. Gassol,
personal communication). Therefore, other possibilities
should be thought of to explain such high values. Adaptation
to light limitation conditions by increasing the bulk of
light-harvesting pigments has been reported for phototrophic
bacteria (38; R. Matheron, Ph.D. thesis, Université d’Aix-
Marseille III, Marseille, France, 1976). Under field condi-
tions this may be important because natural populations are
exposed to diel fluctuations in light energy. Consequently, a
pure culture of C. minus was grown at room temperature (15
to 20°C) and exposed to natural sunlight fluctuations (day-
night cycles). Analysis of specific Bchl a content gave values
of 0.49 ug pg of C™1, which is in great contrast with values
for cultures grown at constant light energy (0.031 to 0.047 pg
pg of C7Y).

Another point of interest is the fact that the specific
pigment content and photosynthetic efficiency decreased
with depth in Lake Cisé. According to this, it has been
shown that in the dark or under conditions of very low light
energy, the specific content of photosynthetic pigments in
the genera Chromatium and Chlorobium decreased, proba-
bly as a consequence of the degradation of the photosyn-
thetic apparatus (22, 38). Additional evidence is given by the
fact that the viability of members of the family Chroma-
tiaceae in Lake Cis6 during the summer of 1983 sharply
decreased with depth (43). Therefore, such degradation and
loss of viability when the average volume of the cells in the
dark zone of the bacterial layer is decreased is expected.

A dynamic model has been proposed to explain the
development of phototrophic bacterial layers in lakes. The
model is substantiated by results of studies on population
dynamics, diel cycle of metabolism (43), and sedimentation
characteristics (9) of purple sulfur bacteria. It assumes that
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during the formation of a layer of Chromatium spp., some
cells that are loaded with elemental sulfur and glycogen
because of their active photosynthesis in the top part of the
bacterial layer slowly sink (about 7 cm day~!) because of the
increase in buoyant density due to the storage of reserve
polymers. During sinking, cells thrive in a continuous gradi-
ent of decreasing light and increasing sulfide and reach the
bottom layers, where light is absent.

In this report I have included additional data that support
a previously proposed model (43) and that show that natural
populations of members of the family Chromatiaceae may
grow at a pmax especially at noon and in the top part of the
bacterial layer. Because the rate of biomass changes ob-
served for the population of C. minus is only about 2% of the
actual rate (estimated from production and biomass) (22; E.
Montesinos, Ph.D. thesis, Autonomous University of
Barcelona, Barcelona, Spain, 1982), it is expected that losses
of biomass in the ecosystem (sedimentation, outflow, and
predation or lysis) should be very important. Furthermore,
in this study I have shown that some of the generally
proposed physiologic or metabolic processes that affect cell
volume in several microorganisms in pure culture also take
place, with minor differences, in pure cultures and field
populations of purple sulfur bacteria. Growth rate, degree of
storage of reserve polymers, and adaptation or degradation
of the photosynthetic apparatus appear as the most impor-
tant factors that determine the size of phototrophic bacteria
under field conditions. Nevertheless, the specific weight of
these processes remains to be determined under field condi-
tions.

ACKNOWLEDGMENTS

The cost of reprints and page charges were supported by a grant
from the Direcci6 General d’Ensenyament Universitari of the
Generalitat de Catalunya. This study was supported by a grant from
the Comisién Asesora de Investigacion Cientifica y Técnica, Spain.

I express particular thanks to an anonymous reviewer for multiple
suggestions that considerably improved the manuscript.

LITERATURE CITED

1. Beeftink, H. H., and H. Van Gemerden. 1979. Actual and
potential rates of substrate oxidation and product formation in
continuous cultures of Chromatium vinosum. Arch. Microbiol.
121:161-167.

2. Bowden, W. B. 1977. Comparison of two direct-count tech-
niques for enumerating aquatic bacteria. Appl. Environ. Micro-
biol. 33:1229-1232.

3. Cohen, Y., W. E. Krumbein, and M. Shilo. 1977. Solar Lake
(Sinai). 2. Distribution of photosynthetic microorganisms and
primary production. Limnol. Oceanogr. 22:609-620.

4. Cook, J. R. 1963. Adaptations in growth and division in Euglena
affected by energy supply. J. Protozool. 10:436—444.

5. Curds, C. R., and A. Cockburn. 1971. Continuous monoxenic
culture of Tetrahymena pyriformis. J. Gen. Microbiol.
66:95-108.

6. Doetsch, R. N., and T. M. Cook. 1973. Introduction to bacteria
and their ecobiology. Medical and Technical Publishing Co.,
Lancaster, England.

7. Doudoroff, M., and R. Y. Stanier. 1959. Role of poly-g-
hydroxybutyric acid in the assimilation of organic carbon by
bacteria. Nature (London) 183:1440.

8. Fergusson, R. L., and P. Rublee. 1976. Contribution of bacteria
to coastal microplankton standing crop. Limnol. Oceanogr.
21:141-145.

9. Guerrero, R., J. Mas, and C. Pedrés-Ali6. 1984. Buoyant density
changes due to intracellular content of sulfur in Chromatium
warmingii and Chromatium vinosum. Arch. Microbiol. 137:
350-356.

10. Guerrero, R., E. Montesinos, I. Esteve, and C. Abella. 1980.

11.

12.

13.

14.

15.

16.

17.

18.
19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

AppL. ENVIRON. MICROBIOL.

Physiological adaptation and growth of purple and green sulfur
bacteria in a meromictic lake (Vila) as compared to a holomictic
lake (Siso), p. 161-171. In M. Dokulil, M. Metz, and D. Jewson
(ed.), Shallow lakes. W. Junk Publishers, The Hague.
Guerrero, R., E. Montesinos, C. Pedrés-Alié, I. Esteve, J. Mas,
H. Van Gemerden, P. A. Hofman, and J. F. Bakker. 1985.
Phototrophic sulfur bacteria in two Spanish lakes: vertical
distribution and limiting factors. Limnol. Oceanogr. 30:919-
931.

Helmstetter, C., S. Cooper, O. Pierucci, and E. Ravelas. 1968.
On the bacterial life sequence. Cold Spring Harbor Symp.
Quant. Biol. 33:809-822.

Herbert, D. 1961. The chemical composition of microorganisms
as a function of their environment. In G. G. Meynell and H.
Gooder (ed.), Microbial reaction to environment. Eleventh
Symposium of the Society of General Microbiology. Cambridge
University Press, Cambridge.

Holme, T., and H. Palmstierna. 1956. Changes in glycogen and
N-containing compounds in E. coli B during growth in deficient
media. 1. Nitrogen and carbon starvation. Acta Chem. Scand.
10:578-582.

Ingraham, J. L., O. Maalge, and F. C. Neidhardt (ed.). 1983.
Growth of the bacterial cell. Sinauer Associates, Inc.,
Sunderland, Mass.

Iwakuma, T., and M. Yasuno. 1983. A comparison of several
mathematical equations describing photosynthesis-light curves
for natural phytoplankton populations. Arch. Hydrobiol.
97:208-226.

Kohler, H. P., B. Ahring, C. Abella, K. Ingvorsen, H. Keweloh,
E. Laczké, E. Stupperich, and F. Tomei. 1984. Bacteriological
studies on the sulfur cycle in the anaerobic part of the
hypolimnion and in the surface sediments of Rotsee in Switzer-
land. FEMS Microbiol. Lett. 21:279-286.

Kontratieva, E. N. 1965. Photosynthetic bacteria. Israel Pro-
gram for Scientific Translations, Ltd., Jerusalem, Israel.
Maalge, O., and N. O. Kjeldgaard. 1966. Control of macromo-
lecular synthesis. Benjamin Co., Inc., Elmsford, N.Y.
Macrae, R. M., and J. F. Wilkinson. 1958. Poly-B-hydroxybu-
tyrate metabolism in washed suspensions of Bacillus cereus and
Bacillus megaterium. J. Gen. Microbiol. 19:210-218.
Montesinos, E., and 1. Esteve. 1984. Effect of algal shading on
the net growth and production of phototrophic sulfur bacteria in
lakes of the Banyoles karstic area. Verh. Int. Verein. Limnol.
22:1102-1108.

Montesinos, E., R. Guerrero, C. Abella, and I. Esteve. 1983.
Ecology and physiology of the competition for light between
Chlorobium limicola and Chlorobium phaeobacteroides. Appl.
Environ. Microbiol. 46:1007-1016.

Nalewajko, C. 1966. Dry weight, ash and volume data for some
fresh water planktonic algae. J. Fish. Res. Board Can.
23:1285-1287.

Pedroés-Alié, C., and T. D. Brock. 1982. Assessing biomass and
production of bacteria in eutrophic Lake Mendota, Wisconsin.
Appl. Environ. Microbiol. 44:203-218.

Pedrés-Alié, C., and T. D. Brock. 1983. The importance of
attachment to particles for planktonic bacteria. Arch. Hydro-
biol. 98:354-379.

Pfennig, N. 1967. Photosynthetic bacteria. Annu. Rev. Micro-
biol. 21:286-319.

Pfennig, N. 1978. General physiology and ecology of photosyn-
thetic bacteria, p. 3-18. In R. K. Clayton and W. R. Systrom
(ed.), The photosynthetic bacteria. Plenum Publishing Corp.,
New York.

Ralston, M. 1982. Derivative-free non-linear regression. In
M. A. Hill (ed.), BMDP user’s guide. BMDP Statistical Soft-
ware, Inc.

Salonen, K. 1977. The estimation of bacterioplankton numbers
and biomass by phase contrast microscopy. Ann. Bot. Fenn.
14:25-28.

Skoog, D. A., and J. K. Bartlett. 1955. Titration of elemental
sulfur with solutions of sodium cyanide. Anal. Chem. 27:
369-371.

Sokal, R. R., and F. J. Rohlf. 1981. Biometry. W. H. Freeman



VoL. 53, 1987

32.

33.

34,

35.
36.
37.

38.
39.

& Co., San Francisco.

Straskrabov4, V., and J. Komérkov4. 1979. Seasonal changes of
bacterioplankton in a reservoir related to algae. I. Numbers and
biomass. Int. Rev. Gesamte Hydrobiol. 64:285-302.
Strickland, J. D. H., and T. R. Parsons. 1968. A practical
handbook for seawater analysis. Bull. Fish. Res. Board Can.
vol. 167.

Tilzer, M. M. 1984. Estimation of phytoplankton loss rates from
daily photosynthetic rates and observed biomass changes in
Lake Constance. J. Plankton Res. 6:309-324.

Van Gemerden, H. 1968. Growth measurements of Chromatium
cultures. Arch. Microbiol. 64:103-110.

Van Gemerden, H. 1968. On the ATP generation of Chromatium
in darkness. Arch. Microbiol. 64:118-124.

Van Gemerden, H. 1974. Coexistence of organisms competing
for the same substrate: an example among the purple sulfur
bacteria. Microb. Ecol. 1:104-119.

Van Gemerden, H. 1980. Survival of Chromatium vinosum at
low light intensities. Arch. Microbiol. 125:115-121.

Van Gemerden, H. 1983. Physiological ecology of purple and
green bacteria. Ann. Inst. Pasteur (Paris) 134B:73-92.

. Van Gemerden, H., and H. H. Beeftink. 1978. Specific rates of

41.

42.

43.

45.

CHANGE IN SIZE OF C. MINUS 871

substrate oxidation and product formation in autotrophically
growing Chromatium vinosum cultures. Arch. Microbiol.
119:135-141.

Van Gemerden, H., and H. H. Beeftink. 1981. Coexistence of
Chlorobium and Chromatium in a sulfide-limited continuous
culture. Arch. Microbiol. 129:32-34.

Van Gemerden, H., and H. H. Beeftink. 1983. Ecology of
phototrophic bacteria. In J. G. Ormerod (ed.), The anoxygenic
phototrophic bacteria. Blackwell Scientific Publications, Ltd.,
Oxford.

Van Gemerden, H., E. Montesinos, J. Mas, and R. Guerrero.
1985. Diel cycle of metabolism of phototrophic purple sulfur
bacteria in Lake Cisé (Spain). Limnol. Oceanogr. 30:932-
943.

. Watson, S. W., T. J. Novitsky, H. L. Quinby, and F. W. Valois.

1977. Determination of bacterial numbers and biomass in the
marine environment. Appl. Environ. Microbiol. 33:940-954.
Zimmerman, R. 1977. Estimation of bacterial numbers and
biomass by epifluorescence microscopy and scanning electron
microscopy, p. 103-120. In G. Rheinheimer (ed.), Microbial
ecology of a brackish water environment. Springer-Verlag, New
York.



