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Abstract

We examined morphology, elemental composition (C, N, P) and orthophosphate-uptake
efficiency in the marine heterotrophic bacterium Vibrio splendidus grown in continuous
cultures. Eight chemostats were arranged along a gradient of increasing glucose
concentrations in the reservoirs, shifting the limiting factor from glucose to phosphate. The
content of carbon, nitrogen and phosphorus was measured in individual cells by X-ray
microanalysis using a transmission electron microscope (TEM). Cell volumes (V) were
estimated from length and width measurements of unfixed, air-dried cells in TEM. There was
a transition from coccoid cells in C-limited cultures towards rod-shaped cells in P-limited
cultures. Cells in P-limited cultures with free glucose in the media were significantly larger
than cells in glucose-depleted cultures (P < 0.0001). We found functional allometric
relationships between cellular C-, N-, and P-content (in femtograms) and ¥ (in cubic
micrometers) in V. splendidus (C =224 x 1*% N =525 x 1*% p =2 x }*%): je., larger
bacteria had less elemental C, N, and P per J than smaller cells, and also less P relative to C.
Biomass-specific affinity for orthophosphate-uptake in large, P-limited V. splendidus
approached theoretical maximum values predicted for uptake limited by molecular diffusion
towards the cells. Comparing these theoretical values to respective values for the smaller,
coccoid, C-limited V. splendidus indicated, contrary to the traditional view, that large size did

not represent a trade-off when competing for the non-C limiting nutrients.



Introduction

Modern tools of molecular biology have started to give us insight into the species composition
and diversity of natural bacterial communities. We need answers to the old question of what
physiological mechanisms and what life strategies that control the success of a particular
species in a given environment, in order to better understand the internal dynamics between
ecologically functional units within the bacterioplankton ‘black box’ [17]. The need for
laboratory experiments to elucidate the theory that relates cell size to mass transfer was
pointed out ten years ago by Karp-Boss et al. [9] because the size range examined was very
narrow and limited to small-celled bacteria. Small, spherical cells are traditionally believed to
be more efficient in their uptake of nutrients because of their large surface-to-volume ratio [cf.
15]. However, based on nutrient diffusion theory, a more precise formulation would be that
it is the ‘surface : cell requirement of limiting element’, rather than the ‘surface : volume’
ratio, that is important [8, 9, 30]. At low external concentrations, the rate-limiting step for
uptake will be the diffusive transport towards the cell. The expression for maximum diffusive
transport towards a cell can be expressed as the product of three terms G xD xS, where G is
the conductance of the cell, D is the molecular diffusion constant for the substrate in water,
and S the substrate concentration at an infinite distance from the cell. Defining an organism’s
specific affinity for a substrate as the volume cleared for substrate per unit biomass per unit
time, the ability of an osmotroph organism to compete at permanently low substrate
concentrations is given by its maximum specific affinity (amax). Assuming that the cell is
diffusion-limited, i.e., that the cell’s uptake system is so efficient (and the bulk nutrient
concentration so low) that all substrate molecules hitting the cell surface are captured, it is
possible to derive a theoretical expression for the affinity constant:

tmax = GD/Vo (1)



where V' is the volume of the cell, and ¢ is the volume-specific intracellular content of the
element in question [2, 30]. The value of G is determined by the shape of the cell. While it is
not possible to give the conductance for all shapes, it is possible to place bounds on the value
of G [2]; G > 4xr., where r, is the radius of the equivalent sphere (a sphere with the same
volume as the particle being considered). That is, a sphere has the lowest conductance for a
given volume. Equation 1 thus illustrates that, for a given volume, non-spherical cells will
have a competitive advantage compared to spherical cells with the same internal cell
concentration (o).

From Equation 1 it is possible to derive an expression for a spherical cell of radius
[30]:

Omax = (4nDr)/m (2),

where m is the amount of the limiting element required to form a new cell. For a conservative

substrate not lost by leakage or respiration, m will be the cell quota of the limiting element.

. 4 . . o e
Inserting m = 3 7o leads to the expression amax = 3D/or”. For spherical cells with similar o,

omax thus decreases with the inverse square of the cell radius; it may therefore be envisaged
that small cells should be superior to larger ones. However, diffusion transport increases in
proportion to cell size [8] and heterotrophic bacteria are able to adjust cell quotas according to
the availability of substrates [33]. Equation 2 illustrates that if a large size can be obtained
with a less than proportional increase in m, large size would actually be an advantage rather
than a disadvantage, also at permanently low substrate concentrations.

Thingstad et al. [30] suggested that some osmotrophic micro-organisms may obtain a
competitive advantage by using a non-limiting element to increase size, without thereby
increasing their cellular quota of the limiting element. In an environment where large size also
reduces some of the grazing pressure, the otherwise often expected trade-off between

competitive and defense ability would disappear, and size increase become a win-win,



“Winnie-the-Pooh” [30] strategy. Note how this may add a new aspect to the advantage of
forming cellular storage materials. The traditional explanation for such storage is the potential
future fitness of the organism when the storage material can replace the growth-limiting factor
in a changed environment. When such accumulation of non-limiting storage material leads to
increase in cell size, the mechanism would provide fitness in the actual present situation, in
addition to the less certain future prospective. Qvreas et al. [36] proposed such a mechanism
to explain mesocosm results where a near-natural bacterial community was forced to mineral
nutrient-limited growth by adding glucose in excess of bacterial consumption. This did not
lead to a shift to small bacteria as one might expect if these were the best competitors for
mineral nutrients, but to large-celled Vibrio splendidus filled with C-rich granules. The genus
Vibrio encompasses a diverse and ubiquitous group of bacteria that have long served as
models for heterotrophic processes [20, 21, 31], it is, however, uncertain which environmental
factors that determines its observed dynamics [31].

The objective of the current study was to characterize how nutritional status is
reflected in morphology and elemental composition of V. splendidus grown in continuous
cultures along a gradient from C- to P-limitation. The combined use of X-ray microanalysis
(XRMA) in transmission electron microscopy (TEM) and uptake experiments under a strict
set of defined conditions provided data that may contribute to explain the observed variations
in bacterial cell size and C:N:P stoichiometry that have been reported [11, 34]. The results
suggest that the putative superiority of small, spherical bacteria in nutrient competition should

be viewed with some caution.



Materialsand M ethods

Chemostat set-up

Vibrio splendidus, isolated from the Mediterranean Sea, was kindly provided by dr Philippe
Lebaron, Banyuls-sur-Mer. The bacterium was initially grown in batch cultures, first on a rich
medium (Difco 0979), before it was transferred to a defined artificial sea water (ASW)
medium [35]. The bacterium was passed several times in ASW manipulated to decreasing
concentrations of P and N until a final target concentration of 0.64 umol P L™ and a molar
N:P ratio of 44. The same medium supplemented with glucose to final concentrations of 11,
22,54,108, 162, 216, 324 and 440 umol glucose C L' was fed to eight chemostats numbered
1 through 8, respectively, corresponding to a gradient in supply C:P mole ratio from 17 to
687. Chemostats were of the design described by Pengerud ef al. [22] using silicon tubing for
transporting medium and air into the culture. Medium flow was controlled using an 8-channel
Gilson peristaltic pump. Culture volumes were 250 mL and dilution rate 0.02 hour ™.
Temperature was kept at 20°C and illumination was continuous. Three weeks after
inoculation, an approximate steady state was reached with glucose exhausted from all
chemostats. Reservoirs were therefore substituted to give the more extended gradient: 11, 23,
58, 112, 196, 392, 828 and 1706 pmol glucose-C L. This gave a gradient in supply C:P
molar ratio from 17 to 2666. New approximate equilibria were reached after another three
weeks. Only results obtained from the second equilibria are reported. Nutrient limitation of
bacteria in Chemostats 1 and 8 were assessed by an organic C (glucose) and a mineral P
(KH,PO,) enrichment bioassay, respectively. Significant increase in bacterial numbers
relative to untreated controls accompanied by consumption of the added substrate after over
night incubation verified C-limitation in Chemostat 1 and P-limitation in Chemostat 8 (see

below for methods).



Chemical analysis

Glucose was measured spectrophotometrically using the GAGO20 assay kit (Sigma). Samples
from the culture media were filtered gently through a sterile Dynagard 0.2-um pore size
syringe filter (Spectrum Laboratories) before analysis. Soluble reactive phosphorus (SRP)
was measured according to Koroleff [10]. ASW with no phosphate added was used as a blank
in SRP measurements. All spectrophotometry was performed using a Shimadzu UV-1201-V

spectrophotometer equipped with a 5-cm kuvette.

Counting of bacteria

Bacteria were counted by flow cytometry (FCM) using a FACSCalibur flow cytometer
(Becton Dickinson) equipped with an air-cooled laser providing 15 mW at 488 nm and with
standard filter set-up. Bacterial samples were fixed with 25% glutaraldehyde (final
concentration, 0.5%) for 30 min at 4°C, frozen in liquid nitrogen and stored at -70°C until
further analysis. Thawed samples were diluted 10 to 100 fold in TE buffer (Tris 10 mM,
EDTA 1 mM, pH 8), stained with SYBR Green-I [14], and analyzed for 1 min at a delivery
rate of approximately 40 uL min™' corresponding to an event rate of 100 — 1000 s™'. Known
concentrations of fluorescent microspheres (Molecular Probes Inc.) with a diameter of 1 um

were added as an internal standard.

Alkaline phosphatase activity (APA)

APA was measured fluorometrically using 3-0-methylfluorescein-phosphate (MFP) as
substrate [23]. Samples were mixed with MFP solution in 0.1 mol L™ Trizma-HCI pH 8.3
(final concentration 0.1 pmol L™). Fluorescence was measured directly after the addition of
reagent and at two different time intervals according to the expected activity using the Perkin

Elmer fluorometer LS50B. Autoclaved samples were used as blanks.



Uptake of *PO;"

Uptake of ¥ PO}~ was measured according to Thingstad et al. [29]. Carrier-free > PO}

(Amersham Biosciences) was added to 5-mL subsamples in 15-mL sterile Falcon tubes to a
final radioactive concentration of approximately 10° counts per minute (cpm) mL™'. Samples
were incubated at in situ temperature and light for an incubation time varying between 20
seconds and 6 hours, according to the expected turnover time. Incubations were stopped by
cold chase by addition of cold KH,PO4 (1 mmol L! final concentration). Subsamples were
filtered through 0.2-um pore sized Poretics polycarbonate filters supported on Whatman GF/C
filters soaked with 10 mmol L™! KH,PO,. Filtrations were done as parallel filtration by use of
a Millipore manifold. Portions of 2 mL were filtered on each filter within 30 min after the
cold chase. Filters were transferred to scintillation vials with 3 mL Ultima Gold scintillation

cocktail (Packard) and radioassayed with a Lumi-One portable scintillation counter (Bioscan
Inc.). Fifty uL from the subsamles incubated with * PO} were transferred directly to
scintillation vials and mixed with 3 mL scintillation cocktail to measure total added
radioactivity in the samples. Trichloroacetic acid-killed samples were used as blanks.

Turnover times (T3 h) for PO}~ were calculated by the equation [29]:

-t
—In(1- R)

where  is the incubation time and R is the consumed fraction of added **PO;" . Biomass-
specific affinity for orthophosphate uptake (a; L nmol-P™ h™") was estimated according to the
procedure proposed by Thingstad and Rassoulzadegan [28]:

a=1/(TB)
where B is the biomass-P (nmol P L™"). In the current experiment, elemental biomass was

estimated by multiplication of the mean per-cell content of the element in question (as



obtained in XRMA), and the concentration of bacteria (as obtained in FCM). This method

presumably gives better estimates for bacterial biomass than conventional conversion factors.

X-ray microanalysis (XRMA) and cell volume determinations

Total amounts of elements in single cells were measured by transmission electron microscopy
(TEM). Bacteria were harvested by centrifugation in a Beckman model L8-70M preparative
ultracentrifuge, using a SW41 swing-out rotor for 10 min, at 10,000 rpm (7000 x g) onto 100
mesh aluminium grids (Agar Scientific) with carbon coated formvar film and air dried.
Neither fixative nor stain was applied. XRMA was done in a Philips CM 200 TEM equipped
with an EDAX light element detector (DX-4) supported by Soft Imaging System (SIS)
software. With special designed software the electron beam scan chosen cells/particles and
background areas were analyzed at preset conditions (80 kV accelerating voltage, spot size 3
(14 nm)). For calibration of carbon measurements we used latex beads (Agar Scientific), and
calibration constants for carbon and other elements were obtained according to Norland e al.
[18]. Sixteen to 64 bacteria (mean = 46) from each chemostat were analyzed. For a detailed
description of calibration procedures, XRMA principals and TEM-XRMA biovolume
estimation, see Norland et al. [18].

Bacterial size was assessed independently by epifluorescence microscopy. Samples
were fixed with 25% glutaraldehyde (final concentration 5%), stained with acridine orange
and filtered onto black 0.2 um pore sized Poretics polycarbonate filters [7]. Stained bacteria
were visualized under blue exitation with a Zeiss Axioplan epifluorescence microscope at a
magnification of 1000x and photographed with a Nikon D1 digital camera equipped to the
microscope. Length (L) and width (W) of stained bacteria was measured from digital
photographs opened with the Java based program ImagelJ [24] calibrated with fluorescent

microspheres (Molecular Probes). Three preparates from each chemostat were photographed,
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and size of 20 to 45 bacteria measured in each photograph. Volume of the cells was calculated
as (1/4)W*(L — W/3) according to Bratbak [1].

Unless otherwise stated, cell size and volumes obtained by TEM are used.

Calculation of theoretical amax

Theoretical o,y for POf’f uptake in bacterial cells of spherical and cylindrical shape was
calculated according to Equation 1. Expressions for G and V' were taken from Clift ez al. [2]

according to Table 1. D was assumed to be =~ 10” cm” s for a small molecule like PO?" .

Statistical analysis

Statistical analysis was performed according to Sokal and Rohlf [25]. The confidence level
for all analyses was set at 95%. The relationship between elemental content of C, N, and P,
and cell volume was assessed from logarithmically transformed data in regression analysis by

the power-law relationship [19].

Results

Bacterial growth and nutrient consumption

After ten exchanges, most of the transients had died out and changes in cell numbers were
less than 30% per day over the last 2 to 3 days. Along the gradient of increasing reservoir
glucose concentration, there was an initial linear increase in bacterial density, accompanied by
a linear decrease in the concentration of SRP (Figure 1). The slopes of these lines correspond
to a constant yield of 1.5 x 10" cells (mole glucose-C)" and a constant molar C:P ratio in
bacterial consumption of 170. For reservoir C:P ratios above approximately 300, there was a
slight decrease in bacterial density. For reservoir C:P ratios between 170 and approximately

530, both orthophosphate and glucose were completely consumed, i.e., indicating almost a
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factor of 3 change in the C:P stoichiometry of nutrient consumption in the transition from C-
to P-limited growth. For reservoir C:P ratios above approximately 530, additional glucose was

not consumed and was found in the cultures as free glucose.

PO;" turnover times ranged from > 400 hours in Chemostat 1 to less than one minute
in Chemostats 6, 7 and 8, in good agreement with APA ranging from ~1 to > 1500 nmol L™ h’
" in the same chemostats, respectively (data not shown). Biomass-specific affinity for PO;

was < 0.002 Lnmol-P"' h™! in Chemostats 1 to 4, increased to 0.08 L nmol-P" h™! in
Chemostat 5, and 0.207, 0.178 and 0.176 Lnmol-P" h™ in Chemostats 6, 7 and 8, respectively

(Figure 2).

Morphology and elemental content

Values for morphometry and cellular content and concentration of C, N, and P at steady state
are shown in Table 2. Estimated mean volume of the cells varied from 0.23+0.13 pm’ in
Chemostat 1 to 1.74+0.73 pm’ in Chemostat 8. The relationship between cellular volume and
the ‘length to r ratio’ (g) is shown in Figure 3. Along with the increase in cellular volume,
there was an increase in g from 3.4£1.1 in Chemostat 1 to 7.6£3.1 in Chemostat 8,
respectively, illustrating a transition from coccoid to rod-shaped cells along the gradient from
C- to P-limited growth. A statistically significant increase in cell volume (#-test for sample
sizes of unequal number; P < 0.0001) was seen in chemostats with free glucose in the
cultures. The increase in cell size was accompanied by an increase in the cell quota of both C,
N, and P, but with the most pronounced increase in the C-quota (Table 2; Figure 4). The
overall geometric mean of the volume-specific elemental C was 251 + 91 fg C pum™. Cellular
C:N:P ratios were high in all chemostats with values well above the Redfield ratio for algae.
Cellular C:P ratios were variable in Chemostat 1 through 6, but were markedly elevated in

Chemostats 7 and 8 (Table 2).
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Figure 4 shows scatter plots of per cell C, N, and P biomass (Figure 4A, B and C,
respectively) versus cell volume. Respective coefficients of correlation for log-transformed
values were 0.908, 0.879 and 0.777, and the regression coefficients were 0.825, 0.773 and
0.605, respectively, when pooling the data from all chemostats (n = 371). All the elements
investigated had volume scaling factors that were significantly less than unity (z-test for
sample sizes of equal number; P < 0.012), suggesting that the larger V. splendidus had less
elemental C, N, and P per cell volume than the smaller ones. The volume to P scaling factor
was particularly low with an over all value of 0.65 compared to 0.89 and 0.80 for C and N,
respectively. Comparison of the slopes of the regression lines (Figure 4) revealed a significant
difference between the volume to C and the volume to P scaling factors (F-test; P < 0.0001),
and also between the volume to N and the volume to P scaling factors (F-test; P < 0.001),
suggesting that the larger V. splendidus had less P relative to C and N than smaller ones.

Bacterial size estimated by TEM and ImagelJ showed good correlation (» = 0.979;
Figure 5). One exception was found for Chemostat 5 where the mean volume estimated by
ImageJ (0.59 + 0.39 pm’, n = 114) was 73% larger than that estimated by TEM. Both
methods showed large variation in cell size within each of the chemostats, as represented by
large standard deviations (SD) in Figure 5. Rejecting Chemostat 5 from statistical analysis did
not change the constant terms (Figure 4) but elevated the scale factors by 7 to 14%. However,
an omission of the values from Chemostat 5 did not change the confidence limits of any

statistical test reported here.

Discussion
Along a gradient from C- to P-limited growth, V. splendidus demonstrated a transition from
coccoid to rod-shaped cells with a significant increase in cell volume in P-limited cultures

with free glucose in the media (Figure 1 and 3). Increase in cell size of P-starved vibrios upon
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glucose amendment has been observed before [20, 21], and has been attributed to the
intracellular accumulation of the C-rich polymer poly-B-hydroxybutyrate (PHB) [21]. The
relative proportional increase in C and N (Figure 4) indicates that C was not stored as PHB in
our experiment, but rather that it was incorporated as protein in the cellular machinery. The
theoretical benefits calculated from diffusion theory [2, 30], however, will be the same either
the non-limiting element is stored as inclusion bodies or assimilated into the cell’s functional
machinery. V. splendidus displayed a great ability to consume organic C by depleting the
medium for glucose for a range of reservoir C:P ratios up to approximately 530. Cellular
C:N:P ratios were high in all chemostats (Table 2), with values comparable to the reported
ratio of 260:37:1 (mol:mol) for V. splendidus in glucose-amended mesocosms [36], but well
above the ‘traditional’ ratio of approximately 50:10:1 reported for marine bacteria [4, 5].
Using a pure culture of Pseudomonas putida and mixed bacterial populations, Bratbak [1]
found that the C:N:P ratio of bacterial biomass changed between 8:2:1 and 500:90:1,
depending on the substrate C:N:P ratio. Similar results were observed by Tezuka [27]. In the
present experiment, cellular C:N:P ratios increased along the gradient, which could be
expected because of an increasing degree of P limitation. However, cellular C:P ratios were
unexpectedly high in C-limited cultures; in Chemostat 1 the cellular C:P ratio was
approximately ten times that of the C:P ratio of the reservoir. If one compares the C-limited
Chemostat 1 to the P-limited Chemostat 8, a > 150 fold increase in reservoir C:P ratio led
only to a two fold increase in cellular C:P ratio. Thus, it does not seem that the C:P ratio of V.
splendidus biomass is determined by the substrate C:P ratio to the same degree as reported for
other bacteria [1, 27]. The volume-specific scaling factor for C found in this study (Figure
4A) is comparable to the factors reported for volume-specific dry weight [13, 19], and
volume-specific elemental cell content of C, N, and P [6]. The volume to C scaling factor

was, however, significantly higher than the volume to P scaling factor (Figure 4C). This
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implies that V. splendidus increased its volume by increasing the intracellular content of C
without a proportional increase in intracellular P.

Figure 2 show that the estimated biomass-specific affinity in the large, P-limited cells
of Chemostat 6 — 8 approached the theoretical maximum assuming diffusion transport
towards the cells to be the rate-limiting step. The theoretical maximum values of the larger V.
splendidus are lower than those for the small cells in the C-limited cultures (Figure 2),
however, not to an extent that would represent a trade-off in nutrient competition. In a recent
review of published data, Flaten et al. (unpubl.) reported an array of bacterial biomass-
specific affinity values, both from laboratory and field studies. Compared with these values
(Flaten et al. unpubl.), our estimates for P-limited V. splendidus are high. Of 14 listed values
for bacterial biomass-specific affinity (Flaten et al. unpubl.), only environmental samples
from the ultraoligotrophic eastern Mediterranean Sea, which reached maximum values up to
0.22 L nmol-P™ h™! for the size fraction between 0.2 — 0.6 pm [16], and a chemostat grown
(dilution rate 0.012 h™") P-limited [Pseudomonas] paucimobilis (now transferred to the genus
Sphingomonas [26]) isolated from Lake Memphremagog, which reached maximum values up
t0 0.15 L nmol-P" h™' [3], are comparable to our values. Interestingly, the latter was grown
with excess glucose and showed great plasticity in size and were much larger when grown
under P-limitation than under C-limitation [3], however, no data on the C:P stoichiometry was
reported. Bratbak [1] showed that P-limited Pseudomonas putida had a C:P ratio of 500 and a
P-biomass corresponding to ~ 0.1 fmol pm™ in the late logarithmic phase of growth,
compared to 56 and ~ 0.8 fmol um™, respectively, for a mixed bacterial community grown at
the same conditions. Taken together, this may indicate that these species (V. splendidus, P.
putida, and S. paucimobilis) within the family of Proteobacteria all belong to the proposed
class of “Winnie-the-Pooh” bacteria. Using the traditional C:P (mol:mol) conversion factor of

50 for bacterial biomass [4, 5] and the widely cited constant factor of 20 fg C per cell for cells
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in the size range 0.036 to 0.073 um’ [12], small bacterial cells can be estimated to have a P
biomass in the range 0.2 — 0.4 fmol um™, which are high compared to what we found for V.
splendidus (Table 2). Using a method similar to us, Fagerbakke et al. [4] found that native
aquatic bacteria in the size range from 0.11 to 0.41 pm’ had a P-biomass corresponding to
0.07 — 0.15 fmol pm™. Our data for the P-limited V. splendidus is in the lower end of this
range (Table 2).

The effect of reducing the internal concentration of the limiting nutrient on biomass-
specific affinity is illustrated in Figure 6A. The plot points out the two hypothesized strategies
for heterotrophic bacteria, either to maximize uptake by being small (high surface to volume
ratio), or by being large keeping the internal cell quota of limiting element () low (high
surface to limiting element ratio). As an example, a 2-um’ spherical cell with an internal
concentration of 0.04 fmol P um™ will in theory have the same ability to compete for P as 1-
um?’ and 0.5-pum’ spherical cells with 0.06 and 0.1 fmol P um™, respectively. According to
theory [2], the transition from coccoid to rod-shaped cells (Figure 3) may give a small
additional advantage, in terms of enhanced uptake efficiency. The effect of particle shape
upon omax can be theoretically determined from Equation 1 and is illustrated in Figure 6B
showing how, for any given volume, cylindrical shape represents a competitive advantage
compared to spherical shape. As an example, 0.7-pm’ rod-shaped (g = 10) and 0.6-um’ rod-
shaped (g = 5) cells with internal concentrations of 0.1 fmol P pm™ will in theory have the
same ability to compete for P as a 0.5-um’ spherical cell with the same internal concentration
of P. That is, V. splendidus may benefit not only from a change in size and elemental
composition, but also from a change in shape.

Although the results of this study cannot be applied directly to the natural
environment, the results obtained are consistent with observations from mesocosms [36] that

demonstrated the success of V. splendidus under mineral nutrient-limiting — excess glucose
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conditions [cf. 30, this study]. We thus hypothesize that V. splendidus represents an active
subgroup within the bacterial community with the ability to use a non-limiting resource
(glucose) to change its stoichiometry and morphology in a manner increasing its nutrient
uptake efficiencies. As opposed to the traditional view that the C-storage provides potential
fitness for future C-limited conditions, the size, shape and stoichiometry of V. splendidus is
thus suggested to provide also instant fitness in situations with mineral nutrient competition.
Whether the increase in size and change in shape also serves to reduce predation pressure, and
whether V. splendidus thus should be classified as belonging to the suggested class of
“Winnie-the-Pooh” specialists was not investigated in this study. Our findings corroborate
that the putative superiority of small heterotrophic bacteria in nutrient uptake should be
viewed with some caution [30, 32], and the recent observations [6, 11, 34, 36] that
demonstrate the need of using accurate and locally derived cell volume estimates and

elemental conversion factors in biomass assessment of bacteria.
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Tablel
Expressions for conductance (G) and volume (V) for spheres and cylinders. Taken from Clift

et al. [2]. r = radius, g = length/r.

Object shape G V
4
Sphere 4zr 3 o
Cylinder 2mrg 3
4 i g
thin rod; g > 20 Ing
Cylinder

0.76 3
shortrod; 0 <g <16 (8+4.10g" ")y mrg
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Figure 1. Effect of reservoir glucose concentration on (A) bacterial numbers, cell volume
and total biovolume, and (B) culture concentrations of SRP and glucose. SRP and glucose

data are shown with regression lines between detectable concentrations. Dotted line: culture

glucose concentration in the hypothetical case of no degradation.
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Figure 2. Estimated mean biomass-specific affinity for PO~ uptake versus the

theoretical maximum values in Chemostat 1 through 8. Black symbols denote cultures with
detectable SRP concentrations but undetectable glucose concentrations in the media. White
symbols denote cultures with undetectable SRP concentrations but detectable glucose
concentrations in the media. Neither SRP nor glucose was detectable in the medium of

Chemostat 5 (grey symbol). Dotted line denotes a 1:1 relationship.
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Figure3
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Figure 3. g versus cell volume in Chemostat 1 through 8 (legends as in Figure 2). Means

of single-cell measurements with standard deviations.
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Figure4. Log-log plot of the relationship between cell volume and cellular content of

(A)C, (B)N, and (C) P in single bacteria of Chemostat 1 through 8 (legends as in Figure 2).

The dotted lines were plotted using a scaling factor of one.
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Figureb. Comparison of cell volumes measured in TEM and ImageJ. Means of single-

cell measurements with standard deviations (legends as in Figure 2). Dotted line denotes a 1:1

relationship.
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Figure 6
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Figure®6. A) Theoretical o, for PO~ uptake versus cell volume for spherical cells
g 4 up P

with different internal concentrations of P, and (B) for spherical and rod-shaped cells of
different g assuming an internal P concentration of 0.1 fmol um™ estimated according to
Equation 1 with values for G and V according to Table 1. Thus, the dotted lines in panel A

and B are identical, but are presented for illustrative reasons.








