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Received 10 August 2009/Accepted 7 December 2009

We have analyzed the impact of surface-to-volume ratio on final bacterial concentrations after batch growth.
We examined six bottle sizes (20 to 1,000 ml) using three independent enumeration methods to quantify
growth. We found no evidence of a so-called volumetric bottle effect, thus contradicting numerous previous
reports.

Microbial batch growth during confined incubation in bot-
tles of various sizes is used daily in a broad variety of micro-
biological studies and methods, including bioassays such as the
assimilable organic carbon (AOC) assay (6, 10, 18) and the
analysis of pure culture or microbial community growth in
freshwater (3, 11, 19, 20). In this context, “bottle effect” or
“volume effect” is a term that has cropped up frequently in
aquatic microbiology papers (e.g., references 12, 13, and 21)
during the last 100 years to explain inexplicable phenomena
and variations in results obtained from such batch growth
studies. The uncertainty surrounding this apparent effect was
clearly summarized in a recent paper by Pernthaler and
Amann (16): “Such investigations are often plagued by the
mysterious ‘bottle effect’, a hard-to-define concept that reflects
the worry of whether phenomena observed in confined assem-
blages are nonspecific consequences of the confinement rather
than a result of the planned manipulation.” The “bottle effect”
alludes to an apparent reaction of bacteria to batchwise incu-
bation in a confined environment, and this concept has inter-
mittently been linked to influences on final cell concentrations
(3) and grazing/bacterivory (13), a change in viability/activity
parameters (9), a change in cultivability (5), and a change in
population composition (1).

The fact that microbiological processes during confined in-
cubation differ from those in the environment is indisputable.
However, a particular section of “bottle effect” literature fo-
cuses specifically on a volumetric “bottle effect”, where the
above-mentioned effects are linked specifically to the size (or
surface-to-volume ratio) of the incubation vessel (3, 8, 11–13,
15, 21). One of the oldest and best-known studies summarized
clearly: “It will be observed that the densest bacterial popula-
tions appear in the bottles of water which offer the largest area
of glass surface per unit volume of water” (21). This idea has
established itself as dogma during the last century, with only a
few differing opinions (4). However, precious little empirical
data that actually quantify and explain the volumetric “bottle

effect” are ever presented. In one example, Bischofberger et al.
(3) observed that incubation of groundwater led to significantly
more growth (about 2 log units) in small bottles (100 ml) than
in big ones (10 liters). More often, however, the “bottle effect”
is merely mentioned, as if it is self-explanatory and indisput-
able (2, 11, 12). In the present study, we took a simple but
detailed look at the effect of bottle size on the outcome of
short-term (�5-day) batch growth assays and compared the
data critically to information in the literature and current opin-
ion on this topic.

Three batch growth experiments were conducted to assess
the volumetric bottle effect on final cell concentrations after
growth into stationary phase. Six different bottle sizes were
used, covering the ranges most often reported in “bottle effect”
literature. All glassware and Teflon-coated caps were cleaned
comprehensively as described elsewhere (6) to remove any
traces of organic carbon that might have been present on
surfaces. The bottle sizes were as follows (water volumes and
surface area-to-volume ratios [square centimeters to millili-
ters] are respectively included in parentheses): 1,000 ml (900
ml, 0.3:1), 500 ml (400 ml, 0.4:1), 250 ml (200 ml, 0.6:1), 100 ml
(90 ml, 0.8:1), 40 ml (35 ml, 1.5:1), and 20 ml (15 ml, 2.4:1). In
the first experiment, a sample of natural river water (dissolved
organic carbon [DOC], 3.8 mg/liter; AOC, 0.3 mg/liter) from a
small oligotrophic stream was obtained, filter sterilized with a
50-kDa dialysis filter (Fresenius Medical Care), and inoculated
(at 103 cells/ml) with a microbial community used for AOC
assays (19). In the second experiment, a sample of the effluent
(DOC, 1.2 mg/liter; AOC, 0.03 mg/liter; total cell concentra-
tion [TCC], 3 � 105 cells/ml) from a granulated active carbon
filter situated in a drinking water pilot plant (7) was collected
and used directly for the experiment without additional treat-
ment or inoculation. For the third experiment, sterile Luria-
Bertani (LB) medium (diluted 1:10,000; DOC, 0.7 mg/liter;
AOC, 0.46 mg/liter) was inoculated with Vibrio cholerae O1
(103 cells/ml) as described previously (19). The water from
each experiment was distributed into triplicate flasks of each
size and incubated (at 30°C) until stationary phase was
reached. Stationary phase was indicated by no significant in-
crease in the TCC (measured after 3, 4, and 5 days) on con-
secutive days. Samples from all experiments were analyzed (i)
for TCCs after being stained with SYBR green I and subjected
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FIG. 1. Effects of bottle size on bacterial batch growth of a natural microbial community in filter-sterilized surface water (A), growth of bacteria
during direct incubation of water from a drinking water treatment plant (B), and batch growth of a V. cholerae pure culture in diluted LB medium
(C). Growth (expressed as the net growth) was quantified by flow cytometric total cell counting (circles), total ATP analysis (diamonds), and
conventional plating (squares). All data points represent averages of triplicate measurements.
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to flow cytometry (7, 19), (ii) for ATP by using a commercial
luciferin-luciferase assay (Promega Corporation) (7), and (iii)
for heterotrophic plate counts (HPC) on R2A agar by a pour
plate method with incubation at 30°C for 10 days. Possible
biofilm growth was checked by applying sonication to selected
samples. However, no wall growth in bottles of any size was
observed.

Growth was observed in all three experiments. The results
show the net growth after subtraction of the initial cell/ATP/
HPC concentrations from the final concentrations (Fig. 1). The
proposed concept of the volumetric bottle effect implies that
more growth should occur in smaller bottles. All data sets were
subjected to regression analysis, and we observed no significant
correlation (P � 0.01) between bottle size and final growth in
any of the experiments by any of the three independent meth-
ods used for quantification. Figure 1A shows the batch growth
results for a natural microbial community in prefiltered river
water. This experimental setup is reflective of a typical AOC
assay (6) or batch cultivation of natural microbial communities
(20). Figure 1B shows the results for direct incubation of a
treated drinking water sample. This sample and experimental
setup were chosen specifically to assess any potential volumet-
ric “bottle effect” on an indigenous microbial community in a
biologically stable water sample, where only limited growth is
expected. Indeed, the final cell concentration in the sample was
only about 25% higher than the original cell concentration.
The cultivability (HPC/TCC � 100) at day 0 was 0.4%, and at
the end of the experimental period it had increased to 2.5%.
This points to increased cultivability as a result of growth
during confinement (5), yet it does not relate at all to the size
of the incubation vessel. Figure 1C shows the data for V.
cholerae grown in sterile LB medium (diluted 1:10,000) to
stationary phase. Again, this particular setup is of specific rel-
evance since a recently published paper on the growth of V.
cholerae referred directly to the volumetric “bottle effect” to
explain rather large differences between growth results from
two separate studies (11, 19). The data from Fig. 1C suggest at
least that a “bottle effect” should be ruled out as an interfering
factor in this case.

The results presented in this study clearly dispute the con-
cept of a volumetric “bottle effect” on the outcome of short-
term batch growth assays, be it for pure cultures or natural
microbial communities. These findings contradict evidence re-
ported by many other researchers (3, 8, 11–13, 15, 21). Al-
though the volumetric “bottle effect” is often cited as a some-
what mysterious occurrence, it is imperative that clear
experimental data are required for the critical appraisal
thereof. The main experimental theory behind the phenome-
non is that organic carbon adsorbs to clean glass surfaces, thus
locally concentrating the carbon and creating more favorable
growth conditions (2, 14). This adsorption and the fact that
bacteria can utilize such adsorbed carbon have been demon-
strated experimentally (14). What has, in our opinion, not been
shown conclusively is that these effects can be so dramatic that
they would alter the growth of samples to the extent that
different sizes of bottles would render different final cell num-
bers after growth. Since we have not observed any volumetric
“bottle effect” in our work, we can only speculate on the pos-
sible reasons why this has been observed previously. One ex-
planation may be that glassware contaminated with organic

carbon can contribute to the perception of a volumetric “bottle
effect,” as large surface-to-volume ratios (found in small bot-
tles) would account for increased contamination compared to
that in bottles with smaller ratios. Hence, more additional
available carbon would be introduced into smaller bottles, giv-
ing rise to higher final cell numbers after growth. In this con-
text, it is essential that a comprehensive glassware-cleaning
protocol be followed, including heating to a high temperature
(�500°C) and storage away from volatile organics (6). In ad-
dition, it is important that such experiments at low carbon
concentrations are complemented with the inclusion of correct
and sensitive controls to assess potential organic carbon con-
tamination. For example, the use of deionized water as a neg-
ative control should be avoided, since the absence of inorganic
nutrients is bound to lead to no growth and thus false-negative
results (10). A good negative control would be water that is
only carbon limited, e.g., bottled drinking water (17). More-
over, the use of multiple tools for analyzing growth, including
cultivation-independent methods, is encouraged.

In conclusion, we did not observe evidence of a volumetric
bottle effect on short-term (�5-day) batch incubations. The
findings of this study suggest that reference to the so-called
volumetric bottle effect should be considered carefully unless
supported by clear experimental data. This study does not
dispute the fact that many authors have observed results im-
plying apparent bottle effects during growth studies, but it
questions the interpretation and understanding of this concept
and the random use of the term “bottle effect” to explain
uncertainty in results, specifically in relation to bottle size.
Hopefully, these data will assist with experimental setups and
comparison of data among different groups and stimulate dis-
cussion of and future research on this interesting, but slightly
controversial, topic.
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