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ABSTRACT: Although temperature is a key parameter controlling the activity and growth of all
microorganisms, information about how water temperature may structure the bacterioplankton
community is not consistent. We examined the relationship between temperature and the community composition, cell volume, and morphology of marine bacterioplankton in 4 continuous cultures harbouring multispecies communities. All 4 cultures were maintained at a turnover time of
0.04 h−1 but at different temperatures of 10, 15, 20, and 25°C. Denaturing gradient gel electrophoresis analyses showed that the community composition shifted in response to temperature. Cell
volumes were determined from digital photomicrographs using an image analysis program, which
also allowed the identification of 3 morphological types of bacteria: cocci-, rod-, and vibrio-shaped
bacteria. Mean bacterial cell volume decreased with increasing temperature, e.g., by 39% when
the temperature was increased from 10°C to 20°C. When the temperature increased, the bacterial
morphology also shifted from dominance by rod- and vibrio-shaped bacteria to dominance by coccoid bacteria. The results clearly indicate the potential role of temperature in driving the community succession of bacterioplankton and in selecting for smaller cells at higher temperatures.
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In an important publication, Straza et al. (2009)
demonstrated that marine bacterioplankton from
high-latitude waters are on average 30% larger than
bacteria from low-latitude waters. They hypothesised
that differences in the abundance of specific bacterial
groups drove the observed difference in cell volume.
The observation raises the question, in a more general
ecological context, of how water temperature may
structure the bacterioplankton community, in terms of
both cell volume and species composition.
The effect of temperature on the bacterioplankton
community is usually inferred from studies in areas

with annual temperature variation, and seasonal
changes in bacterial community composition have
been reported in many areas (Lee & Fuhrman 1991,
Pinhassi & Hagström 2000, Crump & Hobbie 2005,
Hewson et al. 2006). Temperature can play multiple
roles in the apparent succession. First, the range of
temperatures over which bacteria can reproduce
differs among species, reflecting physiological adaptation to temperature (Nedwell 1999). In the temperature range within which a particular species
grows, a crucial competitive parameter is the maximum growth rate (μmax), a property that is substrate-, species-, and temperature-specific (Herbert
& Bell 1977). The highest μmax is therefore reached
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at an optimum growth temperature, which is yet
another species-specific property, meaning that
some bacterial populations perform better (i.e.
grow faster) than others at a given temperature.
Because the optimum growth temperature and
slope of response to temperature differs among
bacterial populations, a population that is most successful at 10°C will not necessarily dominate at
20°C (Harder & Veldkamp 1971). Considering the
profound effect of temperature on growth capacity
and rate, one might expect temperature to be an
important selective determinant of the composition
of bacterial communities in situ.
It is well known that a fast-growing bacterial cell
is generally larger than a slow-growing cell
because growth rate is exponentially related to
mass, largely due to increasing amounts of RNA
and DNA (Schaechter et al. 1958, Hagström 1984).
Therefore, temperature can directly influence cell
size in a bacterial population because increasing
temperature results in higher growth rates. However, if constant growth is maintained, cell size
decreases when temperature increases because
enzymatic reactions become faster, and thus, fewer
ribosomes are needed to support growth (Yun et al.
1996). Interestingly, seasonal studies of bacterioplankton cell volumes indicate a divergent relationship between temperature and bacterial cell volume. In the northern Baltic Sea, for example, the
average cell volume of bacterioplankton is smaller
in the warmer season (Hagström & Larsson 1984,
Andersson et al. 1986), in accordance with the lowlatitude observations of Straza et al. (2009). However, along the Canadian west coast, in the northeastern Mediterranean, and in the Adriatic Sea,
bacterioplankton cells are larger in the warmer
summer season (Albright & McCrae 1987, Ribes et
al. 1999, La Ferla & Leonardi 2005). The challenge
in interpreting in situ results is that temperature
acts in concert with other selective pressures, such
as grazing (Andersson et al. 1986, Sherr & Sherr
2002) and the quality and relative amount of substrate (Young 2007, Løvdal et al. 2008), factors that
also affect the community composition and cell size
of individual species.
In the present study, we isolated the effect of
temperature on the cell volume, cell shape, and community composition of a bacterioplankton community. We did this by studying a multi-species community grown at different temperatures, on identical
seawater substrate, while maintaining a constant
growth rate by using a continuous culture experimental set-up.

MATERIALS AND METHODS
To investigate the effect of temperature on the bacterial cell volume and community composition, 4 continuous seawater cultures harbouring a multi-species
bacterial community were run at identical turnover
times but different temperatures for 2 wk (Fig. 1).
The continuous cultures were allowed to stabilise for
1 wk, and bacterial cell volume, shape, and DNA
community analyses were conducted on Days 7, 10,
and 14 of the experiment.

Sample collection
Seawater used as medium and inoculum was collected at a depth of 2 m in the Baltic Sea on the east
coast of Öland (57° 27’ N, 17° 05’ E to 56° 56’ N,
16° 54’ E) using a Niskin bottle on 25 June 2008. The
in situ water temperature was 15°C. The samples
were kept in 20 l polycarbonate bottles and processed within 1.5 h.

Medium preparation
Seawater used as medium was pre-filtered through
a 3.0 µm pore-size polycarbonate filter (Whatman)
and thereafter filtered through 0.22 µm pore-size
Sterivex filters (Millipore) using a peristaltic pump
(~100 ml min−1). Both filters were changed occasionally to avoid clogging. The filtered water was autoclaved and stored in polycarbonate bottles at 4°C.

Fig. 1. Time course of cell abundance during the experiment. The continuous cultures were allowed to stabilize for
1 wk before sampling on Days 7, 10, and 14

Sjöstedt et al.: Temperature effect on bacterial cell volume

Inoculum preparation
The inoculum was prepared using gravity filtration
through a 3.0 µm pore-size polycarbonate pre-filter
(Whatman) and then consecutively through two
0.6 µm pore-size polycarbonate filters (Whatman).
The inoculum was stored at 4°C for 24 h until inoculation of the continuous seawater cultures.

Experimental design
In continuous cultures, the cell growth rate is controlled by the dilution rate, so it is possible to vary the
temperature without altering the growth rate. Four
continuous cultures were incubated in the dark at
4 different temperatures, i.e. 10°C, 15°C, 20°C, and
25°C, at a constant dilution rate of 0.04 h−1. This dilution rate corresponds to estimates of the in situ turnover time of bacterioplankton in the southern Baltic
Sea at temperatures of 10 to 18°C (Zweifel 1999).
Each continuous culture was started with 250 ml of
inoculum, which was diluted to 500 ml by the incoming water. The incoming water was fed in drops into
the culture through a sealed glass tube to prevent
back growth (Hagström et al. 1984). Air was passed
through a 0.2 µm pore-size PTFE Acrodisc CR filter
(Pall Corporation) and used to force the inflow into
the cultures to prevent a water column from building
up in the glass tube. A gentle flow of air was maintained to allow bubbles to be continuously produced
and to stir the culture (Hagström et al. 1984, Zweifel
et al. 1996). The experiment was run for 14 d. The
continuous cultures were allowed to stabilise and
reach a constant cell number for 1 wk. Samples for
cell counts were collected twice a day. Bacterial cell
volume, shape, and DNA community analyses were
conducted on Days 7, 10, and 14 of the experiment.

Bacterial numbers, cell volume, and biomass
Samples for cell counts were collected from the
outflow of the continuous cultures twice a day. The
samples were preserved with 4% (wt/vol) formaldehyde for a minimum of 24 h and filtered onto 0.2 µm
pore-size black polycarbonate filters (GE Water &
Process Technologies) and stained with SYBR Gold
(Invitrogen, final conc. 1×). Either 200 cells or 30 fields
per filter were counted at 1250× magnification using
an Axioplan epifluorescence microscope (Zeiss).
Samples for determination of the cell volume were
collected on Days 7, 10, and 14; they were preserved
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and filtered in the same way as samples for cell
enumeration but stained with 0.1% (wt/vol) acridine
orange. Images were acquired using a CCD camera
connected to an Axioplan epifluorescence microscope (Zeiss), and the cell volumes were determined
using an image analysis system (LabMicrobe, BioRAS DK). The volume (V ) was calculated according
to the formula V = [(4πr 3/3) + πr2(l − 2r)] (Blackburn
et al. 1998), where r is the radius (calculated by the
program from the area and the length, l ). Three
morphological groups, i.e. cocci, rods, and vibrios,
were identified by the image recognition system of
the software. The cell volume and abundance of
morphological groups were determined from 10
photomicrographs at each temperature each sampling day. Total biomass yield is the product of
abundance and volume and was calculated from the
estimated cell volumes and total cell counts (Chrzanowski et al. 1988).

Statistics
Data for cell volumes were divided into the 3 morphological groups, i.e. cocci, rods, and vibrios. Statistical analysis were performed to evaluate whether
the size of each morphotype at each temperature
changed between sampling occasions, whether there
was a significant difference in cell volume between
the 3 morphotypes, and whether the abundance of
each morphotype was significantly different at different temperatures. The samples were checked for normal distribution using a Shapiro-Wilk normality test.
The abundances of rods and vibrios at different temperatures were normally distributed, and the difference in abundance of these morphologies was investigated using analysis of variance followed by a
post-hoc Tukey’s test. The abundances of cocci and
biovolumes of each morphology at different temperatures were not normally distributed, and the differences were therefore investigated using a KruskalWallis test followed by a post-hoc analysis using
Mann-Whitney tests with Bonferroni corrections.
The cell volumes changed significantly between
sampling Occasions 1 and 3, indicating that the community had not reached steady state on the first sampling occasion. Between sampling Occasions 2 and 3,
there was no significant difference in 9 out of 12
cases, indicating that steady state was progressively
being reached. Statistics regarding the size and
abundance of morphotypes were therefore based on
results from sampling Occasion 3, i.e. Day 14 of the
experiment, for all temperatures.
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DNA extraction and denaturing gradient gel
electrophoresis (DGGE) analysis of community DNA
Samples for DNA extraction from the continuous
cultures were prepared by filtering 100 ml of water
from the outflow of the chemostat through 0.2 µm
pore-size filters 25 mm in diameter (Supor filter, Pall
Corporation). The filters were stored at −20°C until
extraction. Samples from Days 7, 10, and 14 were
chosen for DNA extraction and DGGE analysis.
DNA samples from the continuous cultures were
extracted according to Fuhrman et al. (1988) as
optimised by Boström et al. (2004). After lysis and
incubation with sodium dodecyl sulphate, DNA was
extracted once with 500 µl of phenol/chloroform/
isoamylalcohol (25:24:1) and once with 600 µl of
chloroform/isoamylalcohol (24:1) before ethanol
precipitation.
Bacterial 16S rRNA genes were PCR amplified
using primers GC341F (complementary to positions
341−358 with a 40 bp GC clamp) (Muyzer et al. 1993)
and 907R (complementary to positions 907−927)
(Muyzer et al. 1998) and quantified using PicoGreen
(Molecular Probes). A total of 90 ng of PCR product
was analysed using DGGE with the D Gene System
(Bio-Rad) at 60°C for 6 h at 150 V. Gels were stained
with SYBR Gold (Invitrogen).
The DGGE banding pattern in each lane was converted into a binary matrix indicating the presence
(scored as 1) or absence (scored as 0) of each band in
all lanes. Distance matrices for all pair-wise combinations were constructed using the Dice coefficient and

used as input for multidimensional scaling (MDS).
The MDS was performed with Primer v6.

RESULTS AND DISCUSSION
Effect of temperature on community structure
and cell volume
Changes in the community composition were
clearly demonstrated using DGGE (Fig. 2A). This
method can identify community constituents that
represent ≥1% of the community, and several studies
have demonstrated that DGGE band intensity can be
used as a rough estimate of the relative abundance of
these phylotypes (Riemann et al. 1999, Casamayor et
al. 2000). The DGGE banding pattern from the
continuous culture indicated a shift in the bacterial
community composition along the temperature gradient, i.e. a different set of phylotypes came to dominate the cultures, although some phylotypes (i.e.
DGGE bands) were shared at all temperatures
(Fig. 2A). The community composition at 10°C
changed from Days 7 to 10 of the experiment but
then stabilised, while the communities at 20°C and
25°C were dominated by the same phylotypes and
seemed to have already stabilised on Day 7. The
MDS constructed from the banding patterns on the
DGGE gel (Fig. 2B) shows that the samples from the
10°C, 20°C, and 25°C cultures formed distinct clusters, whereas the first 2 samples from the 15°C culture clustered separately, and the third sample clus-

Fig. 2. (A) Bacterial phylotype richness in the continuous cultures kept at different temperatures recorded using DGGE;
(B) MDS from DGGE banding patterns at different temperatures. The numbers (7, 10, and 14) indicate the day of sampling at
each temperature. At 20°C and 25°C, Days 10 and 14 can barely be separated from each other
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tered with the samples from the 20°C culture. Thus,
the growth conditions seemed to favour stable communities at each end of the temperature range, one
cold-adapted and one warm-adapted group. Note
that the in situ temperature when the inoculum was
collected was 15°C, while the minimum, maximum,
and average temperatures in the near-surface waters
of the Baltic Proper are 2°C, 19°C, and 7.4°C, respectively (Siegel et al. 2006).
The volume and shape of the individual cells were
determined from digital photomicrographs using
image analysis (Fig. 3). On average, on each sampling occasion, 470 cells were included in the analysis at 10°C, 695 cells at 15°C, 860 cells at 20°C, and
1374 cells at 25°C. The differences in number of
counted cells are due to differences in bacterial
abundances in the different treatments. Overall, the
average cell volume of the community decreased
from 0.13 µm3 to 0.08 µm3 when temperature was
increased from 10°C to 20°C, corresponding to an
average decrease in biovolume of 39% (Fig. 4). Fixation with formaldehyde can cause cell shrinkage, and
even if shrinkage occurs in all size classes, it is possible that larger cells are subjected to greater shrinkage (Fuhrman 1981). For ciliates, it has been demonstrated that the cell volume shrinkage differs among
species in closely related taxa (Choi & Stoecker
1989). Similar effects cannot be excluded for bac-
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Fig. 4. Effects of increasing temperature on average cell volume (µm3) and bacterial abundance in 4 multispecies cultures growing at an identical turnover time but at different
temperatures. Bars indicate standard error; the data are
average values from sampling Occasion 3

teria. However, the effect of shrinkage would probably be comparable among the different samples, and
the cell sizes underestimated at all temperatures.
In addition to a change in cell volume, image
analysis revealed that the cell morphology changed
significantly in the continuous cultures, with the
fraction of coccoid cells increasing from on average
42% at 10°C to on average 66% at 25°C (p < 0.01)
(Fig. 5A), while rod-shaped cells dropped from 44%
to 22% (p < 0.01) of the total
number.
Taken together, the DGGE
and image analysis revealed
that a shift in temperature
selected for smaller and differently shaped cells and the
dominance of new phylotypes.
Because the DGGE results
indicated that the different
cultures
harboured
both
omnipresent and new dominant phylotypes, we speculate
that this temperature-related
succession may have been
caused by (1) omnipresent
phylotypes in the cultures
becoming smaller by adapting
to the higher temperature
and/or (2) inherently small
phylotypes becoming dominant in the community. This in
turn raises 2 questions: (1)
Fig. 3. Photomicrographs of different temperature treatments taken using a digital camera connected to an epifluorescence microscope. Fixation and acridine orange staining Why would a specific phylowere conducted on Day 10 of the experiment. Scale bar = 10 µm
type become smaller at higher
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Fig. 5. (A) Abundance and (B) average cell volumes (µm3) of
the 3 morphological types, i.e. cocci, rods, and vibrios, at
different temperatures. The data are average values from
sampling Occasion 3; bars indicate standard error

temperature? (2) What favours a community with
smaller dominant phylotypes at higher temperature?
If we first address the phylotype-specific perspective,
the decrease in average cell volume at higher temperatures in our experiment can be explained by a
fundamental bacterial growth response. Ribosomes
are a substantial part of the bacterial cell. In Escherichia coli, the ribosomes are composed of 38% proteins and 62% rRNA. In an average E. coli, rRNA
contributes to 16% of the total dry weight and the
ribosomes to ~25% of the total dry weight (Neidhardt
et al. 1990a,b). Schaechter et al. (1958) found that, in
Salmonella thyphimurium, the amount of protein
synthesised per minute is roughly proportional to the
RNA content of the cell and that the number of protein molecules synthesised per minute is constant at
a given temperature irrespective of growth rate.
Thus, the cell adjusts its number of ribosomes so that
it has the number needed to match the growth
potential of the substrate. Although the work by

Schaechter et al. was done using a model organism
grown in rich media, we believe that these mechanisms are commonly also used by marine bacteria to
adjust protein synthesis rates. In the continuous
culture experiment, the amount of added substrate
and turnover time (growth rate) remained the same
while temperature increased. Because enzymatic
reactions, such as ribosome activity, are faster at a
higher temperature, fewer functional ribosomes are
needed for the same function, as has been demonstrated for E. coli (Yun et al. 1996, Cotner et al. 2006),
so the cell can be expected to become smaller. A
decreased RNA content per cell with increased temperature at a specific growth rate, i.e. conditions
identical to those of continuous cultures, has also
been demonstrated in the case of Aerobacter aerogenes (Tempest & Hunter 1965). It has also been suggested that the cells optimise the ratio between nutrient acquisition and cell assembly machinery with
temperature because of differences in the temperature dependence of various processes. Because
growth is more temperature-dependent than diffusion, more resources are used for assembly relative to
nutrient acquisition at colder temperatures (Cotner et
al. 2006). An additional argument for the increasing
bacterial cell size at lower temperature is that DNA
replication also is a temperature-dependent enzymatic process, which is slower at lower temperature.
The relationship between cell size and growth rate
seems to depend on the necessity of attaining a particular mass to initiate replication of the chromosome
(Donachie 1968). To be able to grow at the same dilution rate at 10°C as at 20°C, more than one round of
replication must be going on simultaneously, and
therefore, a higher mass is needed (Donachie 1968).
Alternatively, or likely in parallel, increased temperature selected for a community of inherently
smaller species in the continuous cultures run at
higher temperatures. According to the common paradigm, small cells have a competitive advantage in
terms of nutrient uptake because they have a higher
surface-to-volume ratio (Kirchman 2008). In the cultures, there was a clear positive relationship between
cell numbers and temperature up to 20°C. In the
10°C and 15°C cultures, cell numbers were 1.1 ×
106 ± 1.3 × 105 and 2.6 × 106 ± 4.5 × 105 cells ml–1,
respectively, while at the 2 highest temperatures, the
cell numbers were 4.3 × 106 ± 5.8 × 105 cells ml−1 at
20°C and 4.2 × 106 ± 7.9 × 105 cells ml−1 at 25°C
(Fig. 4). Thus, the growth yield, or number of cells,
plateaued between 20°C and 25°C. We propose that
this observation relates to the bacterioplankton
growth shifting from temperature to resource limita-

Sjöstedt et al.: Temperature effect on bacterial cell volume

tion above 15 to 20°C, as suggested by Apple et al.
(2006).
A notable result in relation to cell morphology was
that the volume of coccoid cells was significantly
smaller than those of vibrio- (82 to 94%) or rodshaped cells (57 to 88%) at all temperatures (p < 0.01)
(Fig. 5B). For bacteria of the same volume, it is
advantageous to be rod-shaped rather than spherical
because the rod shape provides a higher surfaceto-volume ratio and therefore gives a competitive
advantage in terms of nutrient uptake (Koch 1995,
Kirchman 2008). The results may indicate that, irrespective of species-specific properties, coccoid species can only compete for resources in a multi-species
community when they are inherently small.

Effect of temperature on bacterial biomass
Although the bacterial cell size decreased with
increasing temperature, the total biomass was positively related to temperature because of the higher
bacterial abundance at higher temperature. If we
assume constant carbon content per volume, for
example, 0.22 g C cm−3 (Bratbak & Dundas 1984), the
total biomass was 31.3 ng ml−1 at 10°C and increased
to 97.9 ng ml−1 at 25°C. Moreover, Trousselier et al.
(1997) have demonstrated that the carbon content
relative to cell volume is higher for smaller than
larger cells. This would imply that using a constant
carbon volume underestimates the biomass more at
higher temperatures due to the higher proportion of
small cells and that the actual difference in biomass
between the 2 temperature extremes is even larger.
The reason for an increase in biomass can be either
higher growth efficiency or increased nutrient use
efficiency. It has been shown that bacteria have an
increased affinity for DOM (dissolved organic matter) at higher temperatures (Kirchman & Rich 1997)
and that warm-adapted bacterial communities respond to increasing temperature by increasing nutrient use efficiency, probably because of increased
kinetic energy of ribosomes and other cellular
‘machinery’ involved in biomass synthesis (Hall et al.
2009).

Effect of temperature on cell size and
morphology in situ
How can our results be interpreted in relation to in
situ observations of changed size and morphology of
bacterioplankton? First, our results are based on
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maintaining constant growth rate at increasing temperature, a case that is rare in nature. However, several in situ observations suggest that temperature
may be a strong selective factor for smaller cell size.
As outlined in the introduction, Straza et al. (2009)
have demonstrated that bacterioplankton from lowlatitude waters are smaller than those from high-latitude waters. On a seasonal scale, bacterioplankton in
Lake Arlington (Texas, USA) and the northern Baltic
Sea (Bothnian Sea) have been found to be smaller in
summer, coinciding with the highest annual temperature of the water mass (Andersson et al. 1986,
Chrzanowski et al. 1988). However, in contrast to our
results, the cell volume of bacteria in several marine
sea areas has been found to increase during seasons
associated with higher temperature, for example, in
Howe Sound (a Canadian west coast fjord) and the
Adriatic Sea (Albright & McCrae 1987, La Ferla &
Leonardi 2005). A study conducted in 20 stratified
lakes in the USA showed that cell size was independent of temperature under both oxic and anoxic conditions. However, the bacteria were 2 to 10 times larger
in the anoxic hypolimnia than in the oxic water. This
shows that factors other than temperature can affect
cell size. The anoxic hypolimnia is usually rich in
organic and inorganic nutrients, which is one factor
that may promote larger cell size (Cole et al. 1993).
Opposing in situ observations can likely be explained by the multiple factors affecting the volume
of cells in situ, factors that partly act in opposing
directions. In summer, in situ bacterial growth rates
and predation are generally at their yearly maximum, while nutrient limitations are becoming more
pronounced (Zweifel 1999). A higher growth rate will
tend to increase the biovolume of cells due to increased mass of intracellular components (Schaechter et al. 1958), while nutrient limitations, predation
(Andersson et al. 1986), and higher temperature, as
outlined here, will favour smaller cells. In the Baltic
Sea and Lake Arlington, the sum of factors was
apparently advantageous for smaller cells, either
selecting for a new community composed of small
species or promoting a reduction in the size of omnipresent species.
In a model, it has been shown that the effect of
increasing temperature on bacterial community composition and bacterially mediated biogeochemical
processes is linked to the resource stoichiometry of a
given aquatic system (Hall et al. 2008). It is possible
that changes in size in relation to temperature also
depend on the resource stoichiometry of the aquatic
system. We speculate that increased cell size in summer may be related to unbalanced nutrient and car-
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bon dynamics. While nutrient limitations generally
tend to favour small cells, some bacteria can store
excess carbon in the form of, for example, polysaccharides, increasing the cell volume under N- and/or
P-limited conditions (Zweifel et al. 1993, Thingstad et
al. 2005). A bacterial species with this ability, Vibrio
splendidus, has been found to transform itself from
coccoid cells in C-limited cultures (grown on glucose)
into large rod-shaped cells in P-limited cultures,
while being maintained at constant growth rate
(Løvdal et al. 2008). Observations from the Adriatic
Sea are consistent with this shift. In summer, the
Adriatic Sea is strongly P-limited, and large cell volumes and a predominance of rod- and vibrio-shaped
bacteria have been observed (Thingstad et al. 1998,
La Ferla & Leonardi 2005). In contrast, in winter,
when bacterial growth is presumably more C-limited, a proportionate increase in coccoid cells has
been recorded (La Ferla & Leonardi 2005).

Effect of grazers on cell size and morphology
Grazing is a selective pressure known to affect
bacterial cell size (Andersson et al. 1986, Sherr &
Sherr 2002). In the continuous cultures, grazers, such
as flagellates and ciliates, were removed by filtration,
and only virus-mediated mortality could have
affected the cell size and morphology. Virus-mediated mortality of prokaryotes in the water column is
often in the range of 10 to 30%, and different studies
have shown that viral lysis can be a source of
prokaryotic mortality comparable to or even higher
than bacterivory by protists (reviewed by Danovaro
et al. 2011). The abundance of marine viruses is
closely linked to bacterial abundance and is affected
by physical and chemical characteristics of the water,
e.g. temperature and salinity, because these factors
have an effect on the abundance of bacteria (reviewed by Danovaro et al. 2011). Because viruses are
usually species- or strain-specific (Børsheim 1993),
they might influence the bacterial community composition by controlling the abundant species or
strains. It has been shown that prokaryotic heterotrophic production increases with increasing temperature up to ~15°C (Apple et al. 2006), and as growth
rate increases, the length of the lytic cycle decreases
and burst-size increases, leading to higher rates of
virus production (Proctor et al. 1993, Hadas et al.
1997). Using phage isolates, it has been demonstrated that the injection of phage DNA is temperature dependent, which may be related to the optimal
growth temperature of the host (Giladi et al. 1995).

The potential effect of viral lysis on cell size distribution has not been studied to a larger extent. In a
model describing the random encounters of viruses
and particles, it is concluded that for any given viral
concentration the contact rates will be higher for
larger and motile particles. However, the model only
describes the probability of encountering a particle,
not the infection rate (Murray & Jackson 1992). In a
field study in Lake Plußsee (Germany) of the sizespecific mortality due to viruses, in all depth layers,
most of the visibly infected cells belonged to the size
class 0.6–0.9 µm in length, and the virus-induced
mortality was between 42 and 81% within this size
class (Weinbauer & Höfle 1998). Differences in viral
infection frequencies among bacterial morphotypes
have also been demonstrated. In a collapsed diatom
bloom, the decrease in bacterial abundance was due
to a decrease in the population of cocci, whereas the
number of rods and curved rods per diatom cell remained the same. The phage population was homogenous in morphology and size, which indicate that a
single phage-host system was dominating and that
cocci were the host bacteria (Bratbak et al. 1990). In
addition, 2 studies from the northern Adriatic Sea
have shown that coccoid bacteria more frequently
contained mature phages than rod-shaped bacteria
and spirillae (Weinbauer & Peduzzi 1994, 1995). In
contrast, when the viral infection rates of different
morphotypes were investigated in Lake Créteil
(France), rods were the most dominant morphotype
and also contained the largest fraction of infected
cells (Ram et al. 2010). The different infection rates of
various morphotypes and size classes suggest that
viruses can have a significant impact on bacterial
community composition.

Conclusion
Our results indicate that the average cell volume of
bacteria decreased and the abundance of cocci
increased in response to increasing temperature.
This result was caused by a shift in the bacterioplankton community composition, possibly in combination with a diminution in the size of omnipresent
bacteria. The importance of temperature as a selective factor for community composition and for the cell
volume and shape of marine bacteria was clearly
demonstrated.
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