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Bacteria play a key role in the regulation of nutrients in aquatic ecosystems as 

they mediate the availability of nutrients tied up in organic molecules (Cotner and 

Biddanda, 2002; Cotner and Wetzel, 1992; Chzanowski and Grover, 2008).  This 

bacterial regulation is capable of constraining both primary production (Thingstad et 

al, 2008) and higher trophic levels in aquatic ecosystems (Sterner and Elser, 2002).  

Bacterial metabolism realized as bacterial biomass composition, size, cellular 

morphology and relative allocation of phosphorus in P-rich macromolecules is 

influenced by external environmental controls such as temperature (Koch, 1996; 

Hagstrom and Larsson, 1984; Chrzanowski et al., 1988) and the relative abundance of 

essential macronutrients such as carbon, phosphorus and nitrogen (Bratbak, 1985, 

Lovdal et al., 2008 and Thingstad et al., 2005).  Both nutrient availability and 

temperature fluctuate in freshwater systems over short and long time scales, (Perry and 

Vanderklein, 1996) but generally increase as a consequence of anthropogenic actions. 

Therefore, it is important to better understand the impact of both temperature and 

nutrient availability on freshwater bacteria. 

The effect of changing temperature and relative nutrient availability has been 

studied in various strains of freshwater bacteria.  Previous work has shown that as 

phosphorus becomes less abundant, bacteria increase in size and change morphology 

(Lovdal et al., 2008; Novisky and Morita, 1976; Nystrom et al., 1992).  This observed 

change has been hypothesized as a mechanism to increase cellular surface area and 

thereby phosphorus transport into the cell (Thingstad et al., 2005).  The prevalence of 

this strategy as an adaptation to phosphorus limitation, and the presence of other 
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distinct strategies are relatively uncharacterized in diverse species of bacteria.  

Additionally, previous studies have not attempted to measure potential trade-offs 

associated with changes in cellular size and morphology, such as changes in the 

cellular P quota and phosphorus reallocation associated with dynamic bacterial size 

and morphology.  Temperature has been shown to dramatically influence cellular P 

quotas and relative P allocation into nucleic acids (Chrzanowski and Grover, 2008; 

Hall et al., 2009, Makino et al., 2003).  However, many of these studies were not 

designed to eliminate growth rate as a potentially confounding variable.   

The goal of my research has been to fill gaps in our understanding of how 

diverse strains of freshwater bacteria respond to changes in environmental temperature 

and nutrient availability. In Chapter One, I examine the effects of resource C:P on 

three strains of recently isolated heterotrophic lacustine bacteria identified as 

Agrobacterium sp., Flavobacterium sp., and Arthrobacter sp. In particular, I hoped to 

determine how changing resource C:P and therefore P supply affected biomass carbon 

to phosphorus ratios, cellular volume, cellular morphology and phosphorus allocation 

into the dominant P pools in the cell: nucleic acids, polyphosphate and phospholipids 

in these strains.  I manipulated resource C:P (mol:mol) from 50:1 to 1000:1 in 

chemostat culture at constant dilution rates by altering the supply of inorganic 

phosphate.  I hypothesized that as resource C:P increased (P became more limiting), 

the strains would both reallocate phosphorus among the dominant P pools and change 

in size and shape.  I identified two major strategies utilized by the three strains across 

variable resource C:P.  Bacteria adopting strategy one increase both in cellular volume 
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and surface area, a strategy likely to facilitate phosphorus transport into the cell, but 

also have to re-allocate P between phosphorus rich P pools.  Bacteria adopting 

strategy two stay smaller in order to maintain their P quota, but also remain in a 

grazing vulnerable size class. The results from this study serve as the foundation for 

the subsequent studies in Chapters Two and Three. 

 In Chapter Two I examine the independent and interactive effects of resource 

C:P and temperature on the same three strains of bacteria.  Agrobacterium sp., 

Flavobacterium sp., and Arthrobacter sp. were grown in continuous chemostat culture 

from 10◦–30◦ F at both high (C:P = 50) and low (C:P=1000) availability and 

controlled growth rates to determine how temperature and P availability affects 

microbial stoichiometry, allocation of phosphorus bio-molecules and cellular size and 

morphology in these three strains.  I identified two major strategies utilized by the 

strains in the study.  Both Flavobacterium sp. and, to some extent, Agrobacterium sp. 

altered their cellular morphology and increased in size under P limitation across the 

range of temperatures examined.  Arthrobacter sp., on the other hand, remained 

relatively the same in size and shape.  Unlike the bacteria that were able to alter their 

morphology, Arthrobacter sp. was able to dramatically increase its relative proportion 

of nucleic acids when exposed to cold temperatures.  Despite observing strategies 

either driven primarily by phosphorus or temperature dynamics, the measured changes 

in cellular carbon content were different across the studied temperature gradient when 

cells were P limited compared to P replete in all three strains. 
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 In Chapter Three I examine how phosphorus and nitrogen supply affects 

biomass C:P and C:N of a freshwater cyanobacterium Synechocystis sp. PCC 6803.  

The goal of this study was to confirm observed trends in cellular carbon dynamics in a 

unique bacterium not utilized in the first two studies.  I manipulated resource C:P in 

continuous chemostat culture from 100:1 to 2050:1 and resource supply of C:N from 

6.7:1 to 100:1 at constant dilution rates by manipulating the supply of inorganic P and 

N.  Based on the work in Chapter One and Two, I hypothesized that cellular 

phosphorus compared to cellular nitrogen would be more flexible with respect to 

cellular carbon.  I constructed this hypothesis based on findings that suggested a large 

fraction of cellular phosphorus remained highly dynamic under phosphorus limitation. 

 Throughout this dissertation, my aim has been to assess how diverse strains of 

freshwater bacteria respond to changes in two well studied parameters: temperature 

and phosphorus availability.  These controlled lab experiments aim to describe the 

mechanisms utilized by P-limited bacteria and their associated advantages and trade-

offs.  I will also extend this work to study how these mechanisms are further adopted 

under variable temperature and phosphorus availability.  Finally I will assess how well 

our findings regarding P-limitation and cellular carbon content hold up in a 

photoautotrophic strain. 

 Through this work I will contribute to a greater understanding of how bacteria 

respond to temperature and nutrient dynamics, both of which are currently increasing 

in most inland freshwater lakes as a result of anthropogenic impacts. Temperature and 

nutrient availability both affect bacterial biomass composition and since bacteria, in 
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turn, can regulate carbon and phosphorus availability to primary producers in an 

ecosystem, it is essential to better understand the impacts of these variables on 

bacteria. 
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Introduction 

Aquatic heterotrophic bacteria play an important role in lakes and rivers as the 

‘gatekeepers’ to nutrients that are tied up in organic molecules (Cotner and Biddanda 

2002; Chrzanowski and Grover, 2008).  In addition to releasing inorganic nutrients 

from these molecules, heterotrophic bacteria also have the capacity to outcompete 

phytoplankton for inorganic nutrients (Rhee, 1973; Cotner and Wetzel 1992; Suttle 

and Harrison 1988). This could result in changing not only the total quantity of 

nutrients available, but also the chemical properties of the organic matter available in 

aquatic systems by constraining primary production (Thingstad et al., 2008).  

Although we know a great deal about the effects of bacteria on nutrient cycles, 

much less is known about how nutrient cycling is tied to biomass composition and 

stoichiometry. Cellular phosphorus is found in nucleic acids, phospholipids, ATP, 

cofactors, proteins and other cell components (Sterner and Elser, 2002; Prescott, 

Harley and Klein, 2002).  Nucleic acids, polyphosphate, and phospholipids represent 

the largest proportions of P-rich molecules in microbial mass, with ca. 30% total P in 

nucleic acids, 9.1% in phospholipids (Neidhardt, Ingraham and Schaechter, 1990) and 

as much as 20% in polyphosphate (Kornberg et al., 1999). This disproportionately 

high allocation of cellular P into these biomolecules can be partially attributed to these 

molecules being more P dense.  Whereas bacterial biomass is typically 0.2-2.5% 

phosphorus by weight (Cotner et al., 2010, Cotner and Hall, 2011), nucleic acids are 

comprised of approximately 9% phosphorus (Elser et al., 1996), polyphosphate is 

approximately 37% P and phospholipids approximately 4.2% P by weight (Sterner and 
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Elser, 2002). Despite knowing a great deal about the distribution of phosphorus in 

cellular bio-molecules, it is unknown how these ‘pools’ of phosphorus change under 

phosphorus limitation in bacteria isolated from natural ecosystems. 

There are numerous strategies for P-acquisition and allocation, which have 

both benefits and costs to growth and survival of bacteria in natural systems.  Bacteria 

can employ one or more of three strategies under steady state phosphorus limitation to: 

1) decrease in size which serves to both increase the cellular surface area to volume 

ratio and minimize all elemental quotas; 2) increase in size while altering morphology 

to increase surface area, and reduce grazing pressure; 3) decrease their growth rate or 

stop growth altogether. 

Each of these three strategies is likely employed to varying degrees in natural 

systems.  The advantage of the first strategy is minimizing cellular P quotas; the 

disadvantage is that the cell quotas of all other cellular elements would also be 

minimized and therefore this strategy would likely diminish growth rates when P is 

scarce.  Furthermore, smaller bacteria risk being grazed at a higher rate (Pernthaler et 

al., 1996).   

The advantage of the second strategy is increased cellular P-quota due to 

increased size and cellular surface area potentially increasing P uptake.  Some bacteria 

have been shown to get long and thin by increasing their overall cellular carbon 

content (Løvdal et al., 2008; Nyström et al., 1992) thereby reducing grazing pressure 

(Pernthaler et al., 1996; Shannon et al., 2007). The disadvantages are that increases in 

cellular surface area would increase both internal diffusion distances and the amount 
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of plasma membrane with respect to internal volume (Koch, 1996).  Although some 

bacteria have been shown to accumulate inclusions which may serve to decrease 

cytoplasm viscosity when size and internal diffusion distances increase (Schultz and 

Jørgensen, 2001), getting long and thin to increase surface area could be very costly 

particularly with respect to P because a larger proportion of cellular membrane would 

require a larger proportion of cellular phosphorus to be allocated into phospholipids at 

a constant growth rate (Klausmeier et al., 2004).  

Lastly, bacteria adopting the third strategy may have the advantage of 

decreasing their P-quotas due to decreased growth rates.  The number of P rich 

ribosomes in a cell is correlated with growth rate; therefore, by growing more slowly, 

bacteria may be able to decrease their cellular P quota by decreasing their P-allocation 

into ribosomal nucleic acids (Elser et al., 2000). Bacteria adopting this strategy may be 

bet-hedging that P availability will increase in the future.  However they may also be 

making a tradeoff as they run the risk of their reduced growth rate not being able to 

keep up with grazing losses. 

In this study, we examined evidence for these strategies in three different lentic 

heterotrophic bacteria isolated recently from lakes in northern Minnesota. We 

examined these strategies at a uniform dilution rate in chemostats, removing the 

potential complications associated with the growth rate response (Elser et al., 2000) 

and differential grazing pressure.  Therefore, the critical mechanisms associated with 

adaptation to high P and low P availability should have been restricted to 

morphological, physiological and cellular P re-allocation rather than growth.  We 
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found that two strains employed a strategy at high resource C:P that was most similar 

to the second strategy outlined above, while a third bacterium employed the first 

strategy.  

 

Material and Methods 

Bacterial cultures were established using the streak plate method from water 

collected from Itasca, Deming and Elk Lakes within Itasca State Park, MN (Hubbard 

and Clearwater counties, MN) onto complex culture media (Difco nutrient agar, 

cellulose + Difco nutrient agar, or LB agar medium; C:P ratio ca. 100:1).  Individual 

colonies were picked from plates after visible growth was observed and this process 

was repeated several times with the goal of isolating individual bacterial strains. Each 

unique strain was transferred to plates containing defined nutrient rich (C:P=10) basic 

minimal media (BMM) (Tanner, 2007) and then grown in the same media as broth 

until late log phase.  Stock samples from these cultures were collected and stored at -

70°C in 15% glycerol until use. 

The bacterial strains examined in this study were identified by using 16S 

rDNA sequence analysis (Ghosh and LaPara, 2007) as: Agrobacterium, sp. (Class: 

Alphaproteobacteria), Flavobacterium, sp. (Class: Bacteriodetes), and Arthrobacter, 

sp. (Class: Actinobacteria) and were isolated from Deming, Itasca and Elk Lake 

respectively.  The selected strains were each grown at approximately 0.25 µmax, or at 

dilution rates between 0.1- 0.18 hr-1, to assess the effects of resource phosphorus to 

carbon (C:PR), as P became less available, on biomass composition independent of 
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growth rate (Cotner et al., 2006; Makino et al., 2003).  We measured carbon and 

phosphorus content per cell, the molar ratios of these components (C:P), the cellular 

morphology (width, length and surface area) and the relative abundance of phosphorus 

as polyphosphate, lipids and RNA and DNA.  All experiments were conducted at 15º 

C, which is in the middle of the annual temperature range experienced by these strains.  

The maximum growth rate of each strain at 15º C was determined by calculating the 

doubling time during logarithmic growth in batch culture in BMM (C:P=10).  Each 

strain was grown in continuous chemostat culture in triplicate at three discrete 

resource levels at C:PR   of 50, 250 and 1000. The 100 mL chemostats were mixed 

continuously with filtered air until the cell densities reached steady state and 

experienced a minimum of 3 complete turnovers before measurements were made.  

 
Cell abundance and cell morphology- Cells harvested from each chemostat were 

preserved in formalin (final concentration of 3.7%) and stored at 4°C.  The stored cells 

were diluted in 118 mM pyrophosphate to reduce clumping (Velji and Albright, 1986). 

To further reduce clumping, after a 30 minute period of shaking at 200 rpm, the cells 

were sonicated on ice for two minutes in 30 second increments (Velji and Albright, 

1993) and then filtered onto 0.2 µm black polycarbonate filters, stained with 50 µl of 1 

mg/ml acridine orange and examined by epifluorescence microscopy (Hobbie et al., 

1977).  Cell abundance was estimated by counting a minimum of ten fields.  The 

bacteria were counted visually and photographed with a SPOT digital camera 

(Diagnostics instruments, Inc., Sterling Heights, MI, USA) for image analysis.  Image 

analysis was performed on a minimum of 75 randomly selected cells from each 



 

    13 

chemostat using Image Pro Plus software (Media Cybernetics, MD, USA) version 

4.5.1 to determine mean cell length and width.  Cell volume and surface area of 

Agrobacterium sp. and Flavobacterium sp. were determined using equations assuming 

the cell shape was a cylinder capped by two hemispheres (Sun and Liu, 2003).  Cell 

volume and cell surface area of Arthrobacter sp. was determined by using equations 

derived for a cell identified as a prolate spheroid (Sun and Liu, 2003). 

 

Elemental analysis- Elemental analyses for carbon and phosphorus were performed on 

biomass samples from the chemostats to assess the biochemical composition of each 

strain at each temperature tested.  Bacteria were harvested and vacuum filtered (< 5 

x10-5 Atm) onto pre-combusted Whatman GF/F filters for particulate carbon analysis 

and onto acid-washed GF/F filters for particulate phosphorus analysis.  All samples 

were collected in triplicate.  The particulate organic carbon content was determined 

using a CHN analyzer (PerkinElmer, model 2400).  The P content was determined 

spectrophotometrically using an acid-persulfate digestion, reacting with molybdenum 

blue and absorption measurements at 880 nm (APHA 2005). 

 

Nucleic acids -Cells from each chemostat were collected on 0.2 µm white 

polycarbonate filters in triplicate.  Bacterial nucleic acids were determined by 

extraction of cellular content via sonication and staining with fluorochrome 

RiboGreen (Molecular Probes, Eugene OR, USA), which reacts with both DNA and 

RNA (Gorokhova and Kyle, 2002).  Bacterial samples on the filters, negative control 
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samples (containing all reagents but no bacteria), and standards of RNA (E. coli, 

Invitrogen) and DNA (calf thymus, Sigma) were prepared for analysis as described in 

Makino et al. (2003).  Two identical 96-well black microplates were prepared with one 

plate receiving an addition of RNase (Promega; conc in 1X * TE buffer) before the 

initial 30-minute reaction period.  After the initial reaction period, 75 µL of 

RiboGreen was added to both plates for a second reaction period of 10 min.  The 

fluorescence of the samples was measured on both plates (excitation 480 nm and 

emission at 520 nm) on a Micromax 384 plate reader (Fluormax3, Horbia Jobin Yvon) 

using DataMax software.  Differences in the scans of the plate with no RNase and the 

plate with RNase were used to determine both DNA and RNA concentrations.   

 

Phospholipids- Cells from each chemostat were frozen at -20°C in 15 mL 

polyethylene centrifuge tubes until analysis. After thawing the samples at 10ºC in a 

water bath, we extracted phospholipids with a modification of the Bligh and Dyer 

(1959) procedure.  We added 7.5 mL of anhydrous methanol and 3.75 mL chloroform 

to 3 mL of cell suspension, mixed thoroughly and then extracted for 2 hours.  An 

additional 3.75 mL of chloroform and 3.75 mL of water were then added and allowed 

to separate for 24 hours (White et al., 1979).  A portion of the chloroform phase was 

removed and transferred to acid-washed tubes.   The tubes were then heated at 40°C to 

speed evaporation of the solvent.  Once completely dry, the P content of the lipid 

fraction was determined spectrophotometrically using an acid-persulfate digestion, 
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reacting with molybdenum blue and absorption measurements at 880 nm (APHA 

2005). 

 

Polyphosphate-Cells from each chemostat were frozen at -20°C in 15 mL 

polyethylene centrifuge tubes until analysis.  After thawing the samples at 10ºC in a 

water bath, we extracted polyphosphate from the cells by autoclaving the samples at 

105°C for 30 minutes (Eixler et al. 2005).  After autoclaving, coarse cell matter was 

removed by filtering the hot samples through a Whatman GF/F filter.  Standards were 

prepared from sodium polyphosphate (45 ± 5 monomers in length, Sigma Aldrich).  

Polyphosphate content of the standards was verified by digesting the material in 1 M 

hydrochloric acid for 15 minutes at 100ºC (Harold 1966) and measuring the 

hydrolyzed phosphate. Polyphosphate was quantified fluorometrically using DAPI 

(4',6-diamidino-2-phenylindole), which forms a fluorescent complex with 

polyphosphate. Aschar-Sobbi et al., (2008) showed that there was little interference in 

fluorescence measurements from nucleic acids and nucleotides when using an 

excitation wavelength of 415 nm and an emission wavelength of 550 nm.  To further 

reduce interference, we used a non-specific nuclease (Benzonase©, Merck) to 

hydrolyze the nucleic acids into single nucleotides and short polymers incapable of 

causing fluorescence with DAPI.  To 4.8 mL of sample filtrate or standards, 400 µL 

nuclease buffer (750 mM tris(hydroxymethyl)aminomethane and 6.5 mM MgCl2·6 

H2O) and 11.5 units/mL Benzonase© were added.  Samples and standards were 

digested for 1.5 hours at 37°C with shaking.  The samples and standards were then 
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divided into two equal fractions of 2.6 mL.  To selectively quench the fluorescence 

due to polyphosphate, a concentrated magnesium chloride solution was added to one 

fraction to a final concentration of 12.4 mM free Mg++.  The quenched samples were 

mixed by inversion and allowed to react for 10 minutes.  We then added 500 µL of a 

sample solution (59 µM DAPI, 2.6 mM ethylenediaminetetracetic acid, 120 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid, and 900 mM KCl at pH 7.00) to both 

fractions, mixed the solutions by inversion, and allowed the fluorescence to develop 

for 30 minutes in the dark.  In this way, there was no free Mg++ in the unquenched 

sample and 10 mM Mg++ in the quenched sample.  The fluorescence of each sample 

was measured in a 1 cm quartz cuvette using a Flourmax3 fluorometer (Horbia Jobin 

Yvon).  The fluorescence was measured for 0.5 seconds at 10-second intervals for 60 

seconds.  The difference in mean fluorescence between the unquenched and quenched 

fractions was used to estimate the polyphosphate concentration in the original sample.  

 

Statistical Analysis- The effect of varying resource C:P (C:PR) on the molar ratio of 

biomass C:P in the replicated chemostats was evaluated using with analysis of 

variance (ANOVA) using the R statistical language (version 2.7.1, R Development 

Core Team).  ANOVAs were conducted on biomass C:P among strains with C:PR as a 

fixed effect.  This process was repeated to examine the effects of C:PR  on P/cell, RNA 

and DNA/cell, cellular morphology (width/length ratios), cellular surface area, cellular 

volume and cellular surface area : cellular volume.  Graphical analysis was performed 

using Sigma Plot Version 11.0.  
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Results 

Cellular C:P ratios of all three strains were strongly influenced by resource 

availability (Figure 1; ANOVA, P < 0.01).  Cellular C:P of each strain increased non-

linearly with C:PR (Figure 1, Table 1). Relative C:P homeostasis or H’ was calculated 

as: H’=log(1/m), where m was the slope of the linear regression line from log C:PR 

versus log biomass C:P. The calculated H’ values were 1.65, 2.48 and 1.93 for 

Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp., respectively.  The P/cell 

decreased as C:PR increased; however, surprisingly, in two of the strains the lowest 

phosphorus content was observed at C:PR of 250, not the lowest media P content 

(1000:1) (Table 1).  The P/cell decreased significantly as C:PR increased in 

Agrobacterium sp. (ANOVA, P < 0.05).  However, no significant decrease was 

observed in the P/cell of Flavobacterium sp. or Arthrobacter sp. as C:PR increased.  

The proportion of cellular P in nucleic acids, measured as RNA and DNA, increased 

with increasing C:PR.  However, this increase was only statistically significant for 

Flavobacterium sp. (ANOVA, P < 0.001, Figure 2).  

 The P/cell as unclassified phosphorus was estimated as the amount of 

phosphorus remaining after subtracting measured phosphorus as polyphosphate, P-

lipids and nucleic acids from the total cellular phosphorus (Table 2).  All strains were 

found to have the ability to accumulate polyphosphate, but the polyphosphate pool 

was very small, less than 3% of the total cellular phosphorus across all levels of C:PR.  

The total P in lipids was 2-7 % across all levels of C:PR.  The most dynamic pool of 
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cellular phosphorus across decreasing phosphorus availability was the unclassified 

phosphorus.  When C:PR  was low, between 55 and 75 percent of cellular phosphorus 

was allocated in unclassified phosphorus in all three strains.  As C:PR increased, the 

percent of cellular phosphorus as unclassifed phosphorus decreased from 30-70 

percent (Figure 2).  This trend was more pronounced in strains Agrobacterium sp. 

(from 84 to 69 percent) and Flavobacterium sp. (from 54 to 35 percent) compared to 

Arthrobacter sp. (from 67 to 66 percent). 

Cell volume of all three strains increased with increasing C:PR.  Again, this 

effect was most significant in both Flavobacterium sp. and Agrobacterium sp. 

(ANOVA, P < 0.05, Table 3). Changes in cellular morphology in all three strains, 

measured as cellular length to width, was affected by C:PR as well.  Length to width 

generally increased as C:PR  increased, indicating a shift from coccoid to more rod-

shaped cells as phosphorus became more limiting (Figure 3).  But this effect was only 

statistically significant in Agrobacterium sp. (ANOVA, P < 0.01, Table 3).  Cellular 

surface area in all three strains also increased as C:PR increased, significantly in both 

Arthrobacter sp. and Agrobacterium sp. (ANOVA, P < 0.05, Table 3).  However, all 

of the strains were very different in size, which resulted in differences in cellular 

surface area.  The total cellular surface area of all three stains varied greatly both at 

each C:PR, and across the range of C:PR examined.  Arthrobacter sp. had the smallest 

cell surface area ranging from 1.63 µm2 to 2.47 µm2, Agrobacterium sp. cells ranged 

in surface area from 5.34 µm2 to 11.67 µm2, and Flavobacterium sp., the largest of the 

strains, had cellular surface area that ranged from 6.59 µm2 to 14.71 µm2 (Table 3).  
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However, the ratio of cellular surface area to cellular volume decreased in all strains as 

C:PR. increased, significantly in both Arthrobacter sp. and Agrobacterium sp. 

(ANOVA, P < 0.01, Figure 4).   

Carbon and phosphorus yields were calculated as the percentage of resource C 

and resource P in biomass respectively.  The increased biomass C:P observed as P 

became limiting was coupled with decreased carbon yields in all three strains (Figure 

5), but this decrease was less pronounced in Arthrobacter sp.  In addition, 

Arthrobacter sp. was the only strain that increased its total carbon yield between C:PR 

of 50 and 250, which may suggest this strain was carbon limited when C:PR=50. 

Decreasing carbon yield suggests these three strains of bacteria are incorporating less 

of the total resource carbon available into their biomass despite increasing in biomass 

C:P.  In all three strains the P yields increased at the highest C:PR (Figure 5).  

However, the total P yield in Agrobacterium sp. and Flavobacterium sp. at C:PR=1000 

was lower than in Arthrobacter sp. a Total P in the lipid fraction as a function of 

surface area decreased as C:PR increased in both Agrobacterium sp. and 

Flavobacterium sp. but this trend was not observed in Arthrobacter sp. (Figure 6). 

 

Discussion 

The goal of our work was to understand how phosphorus limitation affects 

bacterial morphology and P content in bacteria that have been recently isolated from 

lakes.  To accomplish this goal we isolated three strains of bacteria from lakes in 

northern Minnesota and grew them in chemostat culture under three levels of 
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phosphorus availability.  At a high resource C:P of 1000:1, all strains were clearly P-

limited; at a resource C:P of 250:1 they were neither profoundly limited by organic 

carbon or phosphorus; and at a resource C:P of 50:1 they were either energy or organic 

carbon limited. Previous work has indicated that under nutrient limitation bacteria 

seek to maximize cellular surface area to quota of a limiting nutrient (Løvdal et al., 

2008; Thingstad et al., 2005). We proposed that bacteria might adopt any of three 

possible strategies under phosphorus limitation to accomplish that aim: 1) decrease in 

size which would decrease cellular surface area but increase the surface area to 

volume ratio and minimize cellular P quotas; 2) increase in size which serves to 

increase surface area but decrease surface area to volume ratio and reduce grazing 

pressure; or 3) decrease or stop their growth.  By using a fixed relative growth rate 

across all levels of phosphorus we controlled the extent to which changes in realized 

growth rate were observed as a mechanism to deal with phosphorus limitation and 

therefore eliminated the third strategy.   

Our results indicated Agrobacterium sp. (Alphaproteobacteria) and 

Flavobacterium sp. (Bacteriodetes) most closely followed strategy two while 

Arthrobacter sp. (Actinobacteria) most closely followed strategy one.  Despite 

observing these different strategies to deal with P limitation, all three strains, 

Agrobacterium sp., Flavobacterium sp. and, Arthrobacter sp. employed the same three 

mechanisms: 1) altering the distribution of their biomass P among bio-molecules; 2) 

altering their size and shape; and 3) altering the P content of bio-molecules associated 
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with changes in size and shape, to various degrees in order to adopt these two 

observed strategies. 

 

Mechanisms allowing strategy adaptation 

Phosphorus distribution and reallocation 

We hypothesized that when phosphorus was plentiful, a large percentage of 

total cellular phosphorus could be stored as polyphosphate which could be used when 

P is much less available (high C:P ratios).  This is a mechanism that would allow 

bacteria to behave non-homeostatically. 

Although Agrobacterium sp., Flavobacterium sp. and, Arthrobacter sp. all 

were shown to have the ability to synthesize polyphosphate both when phosphorus 

was replete (resource C:P=50) and the constraint of carbon and energy limitation was 

reduced (resource C:P=250), a substantial fraction of their total cellular phosphorus 

was never stored in polyphosphate. This suggests that polyphosphate was not an 

important bio-molecule for phosphorus storage in the bacteria examined in this study.  

This observation could be attributed to the constant P supply in chemostat cultures.  

There is evidence that suggests bacteria may make more polyphosphate in 

environments where the P supply is highly dynamic (Ohtake et al., 1998).  Therefore, 

in order to decrease total cellular phosphorus, while growing under constant P supply, 

these bacteria must reduce either the total quantity of phosphorus or phosphorus 

density of another phosphorus containing bio-molecule, not polyphosphate. 
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 One possible way for bacteria to accomplish this would be to increase in size 

and therefore increase cellular surface area yet at the same time reduce their P quota 

by reducing the P content of their phospholipids.  Many heterotrophic bacteria have 

been found to reduce the phosphorus density of phospholipids by replacing 

phospholipids with non-phosphorus containing lipids under phosphorus limitation 

including Bacillus subtilis (Minnikin et al., 1972), Pseudomonas diminuta (Minnikin 

et al., 1974), Pseudomonas fluorescens (Minnikin and Abdolrahimzadeh, 1974), 

Rhodobacter sphaeroides (Benning et al., 1995), Sinorhizobium meliloti (Geiger et al., 

1999) and Bacillus coahuilensis (Souza et al., 2008).  These strains include members 

identified as α-Proteobacteria and γ-Proteobacteria.  Even Flavobacteria have been 

shown to synthesize non-phosphorus containing lipids (Kawai et al., 1988).  The 

strains examined in this study all belong to one of these broader classes of bacteria, so 

it is probable that they also have the capability to produce non-phosphorus containing 

lipids.  

Results of the studies presented here suggest that in order to maintain the 

nucleic acid content per cell needed for the fixed growth rate we used in these 

experiments, a smaller proportion of the total cellular phosphorus was allocated into 

other phosphorus-rich biomolecules (Figure 2). If under phosphorus limitation the 

cellular requirement for phospholipids could be reduced by remodeling the cellular 

membrane with a higher percentage of non-phosphorus containing lipids, the free 

phosphorus liberated could be reallocated to nucleic acids.   We found that the fraction 

of total phosphorus as phospholipids was never larger than 7% (Figure 2). The fraction 
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of total P as phospholipids did decrease in Flavobacterium sp. from 5.8% to 2.5% 

from the highest to lowest P availability (Figure 2). The fraction of P as phospholipids 

in Arthrobacter sp. remained relatively unchanged, and increased slightly in 

Agrobacterium sp. across the range of resource C:P tested (Figure 2).  

Although it is common practice to account for cellular phosphorus in nucleic 

acids, polyphosphate and phospholipids, our data suggest that a large fraction of total 

phosphorus was not in these bio-molecules, especially when phosphorus was replete.  

Proteins make up 55% bacterial dry mass (Neidhardt et al., 1990). Mino et al., (1985) 

found that even when the majority of cellular phosphorus was found in polyphosphate, 

approximately 5-10 % of cellular phosphorus was in the protein fraction. The 

phosphorus content of proteins can also be altered through phosphorylation.  

Phosphorylation of proteins, especially enzymes and intermediates in enzymatic 

pathways, has been observed in many prokaryotes (Cozzone, 1988) and can serve to 

regulate metabolism (Cozzone, 1988; Matin et al., 1989; Stock et al., 1989).  It is 

reasonable that a portion of the unclassified fraction (Figure 2) might be attributed to 

proteins that contain phosphorus, but more recent work in our group suggests that this 

fraction accounts for less than 10% of the total cellular P.  Since the bacteria in this 

study were able to differentially allocate phosphorus to some degree in polyphosphate 

and phospholipids it is also reasonable to suggest they may also be able to 

differentially allocate the phosphorus in protein. Very little is known about the extent 

and regulation of phosphorylation in all but a few prokaryotic proteins (Cozzone, 

1988) and even less in non-model organisms like we used.  
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In addition we might speculate that gram-positive bacteria, like Arthobacter 

sp., have a cell wall that is composed of phosphorus rich teichoic acid polymers. 

Bacillus subtilis, a gram-positive bacteria, was found to reduce the P-content of its cell 

wall, which composed 24% of its dry mass, from 6 to 0.2% under phosphorus 

limitation (Tempest and Dicks, 1968).  We suggest that the phosphorus content of 

proteins and metabolic intermediates may be a variable fraction of total cellular 

phosphorus for all the strains in this study when the cells are growing at slow relative 

growth rates.  We further suggest Arthrobacter sp. may have a significant and variable 

portion of unclassified phosphorus (Figure 2) in its cell wall unlike both gram-

negative strains Flavobacterium sp. and Agrobacterium sp.  

Despite including the phosphorus content of both cellular proteins and cell 

walls in gram-positive bacteria, a significant portion of the unclassified fraction was 

still accounted for.  Perhaps part of the explanation for this is that internal free 

phosphate may be a very significant and highly variable pool of total cellular P.  A 

reduction in the free phosphate pool would allow a cell to reduce its P quota under P 

limitation and would also facilitate diffusion of phosphorus into the cell. 

 

Cellular Size and Morphology 

 Other pressures acting on the allocation of cellular phosphorus are changes in 

cellular morphology and volume that occur under phosphorus limitation in bacteria. 

Several bacteria have been shown to increase in size and to transition from coccoid to 

rod-shaped cells along a gradient of low resource C:P to high resource C:P (Løvdal et 
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al., 2008; Novitsky and Morita, 1976; Nyström et al., 1992).  Both changes in cellular 

volume and morphology that result in a net increase in surface area allow a cell to 

become more efficient at transporting limiting nutrients. (Clift et al., 1978; Thingstad 

et al., 2005). Bacteria that become more rod-shaped, increase their cellular surface 

area and maintain their cellular P quota have been termed “Winnie-the-Pooh” bacteria 

(Thingstad et al., 2005). “Winnie-the-Pooh” bacteria are said to be in a ‘win-win’ 

situation.  These bacteria both get bigger and more carbon rich when they are 

phosphorus-limited through changing morphology, and as a consequence they have 

both more cellular surface area for phosphorus uptake and are less likely to be grazed. 

 Agrobacterium sp., Flavobacterium sp., and Arthrobacter sp. increased both 

their cellular volume and cellular surface area as phosphorus became limiting (Table 

3). The ratio of cellular surface area with respect to volume decreased in all three 

strains, significantly in both Arthrobacter sp. and Agrobacterium sp. (Figure 4). 

Flavobacterium sp. moderated decreases in its surface area to volume ratio at high C:P 

ratios by changing its morphology.  Increasing volume is one of the trade-offs for 

bacteria using strategy 2.  The disadvantage of increased cellular volume is that it 

would increase the cellular P quota.  The advantages are that it would increase the 

surface area for P uptake.  Another potential advantage could be that by diluting the 

internal phosphate pool the bacteria are creating a stronger diffusive gradient for 

phosphate transport into the cell.  Bacteria adopting strategy one decrease their volume 

and therefore their cellular P quota, but at the expense of decreased surface area and 

potentially increased grazing rates.    
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The existence of multiple relative magnitudes of change in cellular surface area 

to volume ratio under P limitation may indicate different bacteria are able to utilize 

this mechanism to varying degrees to maximize their flexibility in a dynamic 

environment.  Although the cells of each strain studied got longer and more rod-like 

under phosphorus limitation (Figure 3), all strains also got more robust or larger to 

varying degrees.  This was especially true for Arthrobacter sp. where the surface area 

to volume ratio behaved similarly to a perfect sphere (Figure 8). Both Agrobacterium 

sp. and Flavobacterium sp. maintained a relatively uniform surface area to volume 

ratio as they increased in size (Figure 8) and therefore behave like ‘Winnie-the-Pooh 

bacteria’ (strategy 2).  

 

Morphology and phosphorus reallocation   

In order to assess if the observed changes in cellular morphology and volume 

alone could account for the changes in biomass C:P observed, we constructed a simple 

model which scales cellular C:P stoichiometry with cell morphology. This model 

scales the stoichiometry of the membrane and the cytoplasm with the surface area and 

volume of a cell, respectively. Using the geometric equations for cylinders capped 

with hemispheres or prolate spheroids, the model is in the form of equation 1.  

 

(equation 1) 



 

    27 

The reference cell in the model corresponds to the experimental isolates grown at 

media C:P = 50:1. By assuming a molar membrane C:P of 8:1 (Neidhardt , Ingraham 

and Schaechter, 1990; Sterner and Elser, 2002) and constraining the proportion of 

cellular P in lipids to the ‘unclassified phosphorus’ for the experimental strains, we 

can calculate the C:P predicted by the changing geometry alone. At resource C:P of 

1000:1, the observed cellular C:P was dramatically higher than that predicted using the 

scaling model. Figure 7 shows the model prediction and measured data for the 

Agrobacterium sp. isolate.   This figure illustrates that Agrobacterium sp. cannot 

achieve its measured biomass C:P through changes in morphology alone and also must  

be altering either or both cellular carbon and phosphorus.  Our data suggests that all 

three strains increase their cellular carbon by a factor of 3-5 as the resource C:P 

increased but retained relatively similar amounts or less cellular phosphorus when 

phosphorus-limited (Table 1).   

This supports the idea that morphological change under phosphorus limitation 

is correlated with increases in cellular carbon content, which may be due to the 

accumulation of carbon rich inclusions like glycogen or polyhydroxybutyrate (PHB).  

Some of the larger Vibrio splendidus growing at high C:PR examined by Løvdal et al., 

(2008) had cellular inclusions that became abundant as cytoplasm volume was 

increased.  This was suggested as a possible adaptation by Vibrio splendidus to 

increase internal diffusion rates by decreasing cytoplasm viscosity to compensate for 

increases in cellular volume. These inclusions may be additionally beneficial when the 

inclusions are C-rich as the carbon and energy can be stored for later use (Thingstad et 
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al., 2005). Carbon storage in this form may also be beneficial in that it would prevent 

carbon from leaking out (Dauner, Stroni and Sauer, 2001).  Our data suggests that 

despite all three strains having a high biomass C:P under phosphorus limitation, all 

three strains have a lower carbon yield (Figure 5).  It may be especially important for 

cells that get long and thin, and consequently have a larger surface area when 

phosphorus limited, to store carbon in larger molecules less likely to diffuse out. 

Since cellular phosphorus concentrations remained relatively uniform as 

morphology changed in response to phosphorus limitation, it is important to consider 

whether these morphological changes required any phosphorus re-allocation among 

the internal P-pools.  The measured P in lipids decreased significantly in both 

Flavobacterium sp. and Agrobacterium sp. but not Arthrobater sp. (Figure 6).  This 

suggests that differential re-allocation of the P in phospholipids under phosphorus 

limitation is a consequence of adopting a Winnie-the-Pooh strategy (strategy 2).  

  Increases in cellular length/width are likely constrained partially by the lower 

limits of membrane phosphorus composition.  Even though the bacteria studied were 

shown to reduce the percentage of total phosphorus allocated into P-lipids as a 

function of surface area, this reduction has limits.  Whereas Bacillus coahuilensis was 

shown to replace most of its phospholipids with sulfolipids  (Souza et al., 2008), other 

bacteria like Sinorhizobium meliloti (Zavaleta-Pastor et al., 2010) only replaced a 

fraction of their phospholipids with non-phospholipids and other bacteria like 

Pelagibacter have not been demonstrated to replace any of their phospholipids with 

non-phospholipids (Van Mooy, 2009).  If every species of bacteria has an absolute 
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minimum proportion of phospholipids to non-phospholipids in their membranes, this 

may also serve to constrain increases in cellular surface area and result in a lower ratio 

of cell surface area to volume (Figure 4).   

 

Conclusions 

Previous work indicated that under nutrient limitation bacteria seek to 

maximize cellular surface area to quota of a limiting nutrient (Løvdal et al., 2008; 

Thingstad et al., 2005). We proposed and evaluated the degree to which three strains 

of bacteria utilized the first two of three strategies: 1) decreasing in size which would 

decrease cellular surface area but increase the surface area to volume ratio and 

minimize cellular P quotas; 2) increasing in size which serves to increase surface area 

but decreases surface area to volume ratio and reduce grazing pressure; or 3) 

decreasing their growth rate or stop growing.  

Our data confirm that the best strategy to maintain uniform phosphorus per cell 

without reallocating phosphorus is to stay small.  Arthrobacter sp. had the smallest 

cells of the three strains examined, but also maintained the most consistent quota and 

relative allocation of phosphorus in bio-molecules per cell.  The disadvantage of 

staying small is remaining in a size class that is more vulnerable to grazing (Pernthaler 

et al., 1996).  The alternative strategy observed in bacteria was an increased cellular 

volume achieved mainly by getting long and thin.  The disadvantage of this strategy is 

that it would increase the cellular P quota.  The advantages are that it would increase 

the surface area for P uptake and potentially could dilute the internal phosphate pool to 
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the point where the bacteria have stronger diffusive gradient for phosphate transport 

into the cell. 

This work offers new and important insights into how bacteria respond to 

phosphorus limitation at the cellular level.  None of the strains studied were found to 

be strongly homeostatic.  However, little of the plasticity in biomass C:P was linked to 

the storage of polyphosphate. The fraction of phosphorus in phospholipids was also 

small and fairly static. The P-lipid fraction as a function of cellular surface area was 

found to decrease under P-limitation in two out of three of the bacteria examined 

indicating these bacteria are likely able to alter the phosphorus composition of their 

membrane by replacing phospholipids with non-phosphorus containing lipids. By far 

the most dynamic pool of phosphorus was unclassified phosphorus, which is likely 

composed of free phosphate and P-intermediates across levels of P availability. The 

findings of this study also suggest the adaptive mechanism of changing morphology 

utilized by bacteria adopting strategy two requires trade-offs among increasing surface 

area, P cell quotas, and, potentially, internal diffusion. 

On a large scale our results indicate lacustrine bacteria are likely utilizing 

various degrees of morphological and physiological strategies to deal with phosphorus 

limitation.  Surveys of bacterial diversity in freshwater phosphorus limited systems 

indicate these systems are dominated by gram-negative bacteria (Donderski and 

Kalwasinska, 2003; Karl et al., 1999; Stanley and Rose, 1967). This suggests that 

phosphorus-limited systems may favor bacteria able to more dramatically alter their 

morphology, becoming long and thin, in response to phosphorus limitation. Finally, 
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the well-known response of carbon-limited bacteria to store excess phosphorus 

available may be a common response to many nutrients when they become limiting 

since all the bacteria in this study were able to increase cellular carbon under 

phosphorus limitation. Our results point to the idea that for bacteria growing in natural 

systems where the resource ratio of C:P is high, growth rates are slow and carbon is 

readily available, the ability to increase cellular carbon may be as important as the 

ability to acquire and re-allocate phosphorus.  
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Table 1: Carbon and phosphorus content of Agrobacterium sp., Flavobacterium sp. 
and Arthrobacter sp. in chemostats (mean ± SE, n= 3 chemostats). 
 
Strain Resource 

C:P 
Carbon  
(fmol/cell) 

Phosphorus 
(fmol/cell) 

Average Cellular 
C:P 

Agrobacterium sp. 50 11.82±1.52 0.24±0.02 49.27 
Agrobacterium sp. 250 23.06±1.27 0.14±0.01 161.57 
Agrobacterium sp. 1000 50.75±3.51 0.17±0.02 315.53 
Flavobacterium sp. 50 8.80±0.96 0.18±0.05 53.02 
Flavobacterium sp. 250 17.99±1.11 0.13±0.01 136.70 
Flavobacterium sp. 1000 30.10±6.84 0.17±0.01 179.54 
Arthrobacter sp. 50 6.49±0.82 0.12±0.01 55.01 
Arthrobacter sp. 250 35.46±17.18 0.20±0.08 165.30 
Arthrobacter sp. 1000 42.97±12.92 0.17±0.05 252.02 
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Table 2: Phosphorus allocation into cellular components in Agrobacterium sp., 
Flavobacterium sp. and Arthrobacter sp. in chemostats (mean ± SE, n=3 chemostats) 
Unclassified phosphorus data estimated based on total cellular P being completely 
allocated into nucleic acids, polyphosphate and unclassified phosphorus 
 
Strain C:PR Total P in 

RNA and 
DNA 
(fmol/cell) 

Poly-
phosphate 
(fmol/cell) 

P-lipids 
(fmol/cell) 

Un- 
classified 
P 
(fmol/cell) 

Agrobacterium 
sp. 

50 0.033±0.001 0.001±0 0.004±0 0.21 

Agrobacterium 
sp. 

250 0.032±0.002 0.003±0.001 0.003±0 0.09 

Agrobacterium 
sp. 

1000 0.046±0.007 0.002±0 0.004±0 0.07 

Flavobacterium 
sp. 

50 0.063±0.004 0.002±0 0.010±0.001 0.19 

Flavobacterium 
sp. 

250 0.048±0.003 0.003±0 0.008±0 0.08 

Flavobacterium 
sp. 

1000 0.091±0.004 0.003±0 0.007±0 0.06 

Arthrobacter  
sp. 

50 0.037±0.003 <0.001±0 0.003±0 0.18 

Arthrobacter  
sp. 

250 0.058±0.033 <0.001±0 0.005±0 0.12 

Arthrobacter  
sp. 

1000 0.052±0.029 <0.001±0 0.004±0 0.14 
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Table 3: Cellular volume and morphology of Agrobacterium sp., Flavobacterium sp. 
and Arthrobacter sp. in chemostats (mean± SE, n=3 chemostats). 
 
Strain Resource 

C:P 
Cellular 
Volume 
(µm3) 

Cellular 
l/w 

Cellular 
Surface 
Area (µm2) 

Cellular 
Surface 
Area: 
Volume 

Agrobacterium 
sp. 

50 0.86±0.13 3.44±0.12 5.34±0.55 6.35±0.32 

Agrobacterium 
sp. 

250 2.43±0.23 4.69±0.32 11.67±0.50 4.85±0.24 

Agrobacterium 
sp. 

1000 2.06±0.21 5.47±0.20 10.93±0.57 5.36±0.23 

Flavobacterium 
sp. 

50 1.24±0.08 2.95±0.42 6.59±0.18 5.34±0.28 

Flavobacterium 
sp. 

250 3.87±0.61 2.87±0.20 13.93±1.04 3.66±0.23 

Flavobacterium 
sp. 

1000 3.94±0.90 3.91±1.08 14.71±1.50 4.04±0.67 

Arthrobacter  
sp. 

50 0.28±0.05 1.28±0.01 1.63±0.11 6.02±0.53 

Arthrobacter  
sp. 

250 0.64±0.25 1.61±0.25 2.51±0.60 4.37±0.58 

Arthrobacter  
sp. 

1000 0.67±0.09 1.53±0.04 2.47±0.10 3.80±0.33 
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Figure 1: Biomass C:P of Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp. 

(n=3) as a function of resource C:P.  The solid line represents a 1:1 relationship 

between biomass C:P and resource C:P. 
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Figure 2: The percent of total cellular phosphorus allocated into major biomolecular 

pools in Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp. The fraction of 

total cellular P as nucleic acids (RNA and DNA), P-lipids and polyphosphate was 

measured directly (n=3) and the residual fraction of total cellular P was labeled as 

unclassified P. 
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Figure 3: Cellular morphology of Agrobacterium sp., Flavobacterium sp. and 

Arthrobacter sp. at high and low P availability.  From top to bottom Agrobacterium 

sp., Flavobacterium sp., Arthrobacter sp., left panels resource C:P=50, right panels 

resource C:P=1000. 
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Figure 4: Cellular surface area to volume ratio in Agrobacterium sp., Flavobacterium 

sp. and Arthrobacter sp. as a function of resource C:P (n=3). 

 

 

 
 
 
 
 

 



 

    40 

 

Figure 5: Average carbon and phosphorus percent yields in Agrobacterium sp., 

Flavobacterium sp. and Arthrobacter sp. as a function of resource C:P (n=3). 
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Figure 6: Cellular P-lipids as a function of surface area in Agrobacterium sp., 

Flavobacterium sp. and Arthrobacter sp. across resource C:P (n=3). 
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Figure 7: Cellular C:P stoichiometry for Agrobacterium sp. as predicted by the scaling 

model. The lower and upper surfaces represent the predictions with 20 and 70 percent 

of the cellular P in the membranes for the reference cell. The solid points represent the 

biomass C:P, length, and width measured in the chemostat cultures. 
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Figure 8: Cellular surface area to volume ratio in Agrobacterium sp., Flavobacterium 

sp. and Arthrobacter sp. as a function of cell length.  The open triangles represent the 

predicted behavior of a perfect sphere across increasing length. 
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Chapter 2 

Dealing with tough times: dual constraints of temperature and phosphorus availability 

affect biomass C:P composition through different mechanisms in three heterotrophic 

bacteria  

 

 

 

 

 

 

 

 

 

 

 

 



 

    45 

Introduction 

Bacteria are key players in the regulation and flow of several nutrients from the 

dissolved state into particulate matter (Chrzanowski and Grover, 2008; Cotner and 

Biddanda, 2002).  Changes in microbial metabolism are therefore capable of 

influencing ecosystem function since both the amount and composition of particulate 

matter can constrain higher trophic levels (Grover et al., 1997; Sterner et al., 1997; 

Sterner and Elser, 2002).   

Since environmental factors such as temperature and nutrient availability can 

impact microbial metabolism or biomass, it is no surprise that these variables have 

been the subject of many studies.  Temperature has effects on overall cellular function 

that include the uptake of nutrients, cytoplasm viscosity, and the rate of enzymatic 

reactions (Koch, 1996).  It has also been observed that bacterial cells both increase in 

size (Hagström and Larsson, 1984; Chrzanowski et al., 1988) and become more 

nutrient rich as temperature decreases.  In addition, the RNA content of bacterial cells 

decreases with increasing temperature (Chrzanowski and Grover, 2008; Hall et al., 

2009; Makino et al., 2003; Tempest and Hunter, 1965) independently of growth rate.   

Since phosphorus is often a limiting nutrient in aquatic ecosystems (Carlsson 

and Caron, 2001; Cotner et al., 1997; Graneli et al., 2004; Smith and Prairie, 2004), a 

great body of work has sought to understand the impacts of P-limitation on bacteria.  

P-limitation has been shown to increase the C:P biomass composition of bacteria, and 

influence the relative allocation of total phosphorus in macromolecules.  Often P-

limitation results in an increased proportion of total P allocated into nucleic acids, 
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while the proportion of total P in both phospholipids and polyphosphate is decreased. 

Cell volume has been observed to increase and cellular morphology change as cells 

shifted from coccoid to rod shaped (Bratbak, 1985; Løvdal et al., 2008; Phillips CHAP 

1; Thingstad et al., 2005). 

Recent work has addressed how temperature impacts bacterial biomass 

composition when P was replete in Escherichia coli (Cotner et al., 2006) and when 

phosphorus is limiting in Pseudomonas fluorescens (Chrzanowski and Grover, 2008).  

These studies reveal how two strains of bacteria respond to changing temperature 

across a fixed dilution rate when a fixed level of nutrients (C:P) is available.  One 

observation made in both strains, independent of the degree of P availability, was that 

bacterial biomass C:P increased with increasing temperatures. According to the 

growth rate hypothesis, cells experiencing a higher relative growth rate will have a 

higher P quota (Elser et al., 2000; Makino et al., 2003).  Because maximum growth 

rates vary with temperature (Pomeroy et al., 2001) and the cells in both of these 

studies were grown at a uniform dilution rate, the cells therefore, had a higher relative 

growth rate at low temperatures compared to high.  It is likely both the differences in 

the relative growth rates and the temperature influenced the changes in biomass C:P 

reported.  The interconnected nature of temperature and growth rate, while essential to 

recognize, also potentially confounds the independent effects of temperature alone.    

  Although P levels in natural systems are often low and may limit bacterial 

growth (Morris and Lewis, 1992; Chrzanowski and Grover, 2001; Cotner et al., 1997), 

P levels do vary stoichastically as a function of both allocthonous inputs and 
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autochthonous regeneration (Carlsson and Caron, 2001; Paerl et al., 2007).  The in situ 

resource pool can change the effect of temperature on bacterial metabolism (Pomeroy 

and Wiebe, 2001).  Previous research has not sufficiently addressed these dynamic 

parameters: therefore, it is important to explore both the independent and combined 

effects of variable temperature and P supply on bacterial biomass composition at 

similar relative growth rates.  As both lake temperature and phosphorus levels have 

increased, and are projected to continue to increase, it is especially important that we 

know how these variables interact.  A combined or interaction effect may 1) have 

larger implications for global carbon cycling and climate change projections and 2) 

may influence carbon and phosphorus fluxes through food webs more dramatically 

than if just temperature or phosphorus availability was increasing alone (Hall et al., 

2009). 

The goal of this work was to study the impacts of both temperature and 

phosphorus availability on freshwater bacterial biomass composition.  We explored: 1) 

how temperature and P availability affected bacterial C:P biomass composition and 

morphology; 2) how P limitation mediated the effects of temperature on the cellular 

bacterial C:P biomass composition and morphology, and 3) whether temperature had 

variable impacts on P-limited vs. P-replete bacteria.  All of these aspects were 

explored in three recently isolated strains of freshwater bacteria identified as 

Agrobacterium sp., Flavobacterium sp., and Arthrobacter sp.  
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Material and Methods 

Bacterial cultures were established using the streak plate method from water 

collected from Itasca, Deming and Elk Lakes within Itasca State Park, MN (Hubbard 

and Clearwater counties, MN) onto undefined culture media (Difco nutrient agar, 

cellulose + Difco nutrient agar, or LB agar).  Individual colonies were harvested from 

plates after visible growth was observed and then transferred onto a new plate.  This 

process was repeated several times with the goal of isolating individual bacterial 

strains.  Bacterial isolates produced were identified by 16S rRNA gene sequences 

(Ghosh and LaPara, 2007).  Each unique strain was transferred to agar plates 

containing defined nutrient rich (C:P=10) basic minimal media (BMM) (Tanner, 

2002) and then grown in the same media as broth until late log phase.  Stock samples 

from these cultures were collected and stored at -70°C in 15% glycerol until use. 

The bacterial strains examined in this study were identified using 16S rDNA 

sequence analysis as: Agrobacterium, sp. (Class: Alphaproteobacteria), 

Flavobacterium, sp. (Class: Bacteriodetes) and, Arthrobacter, sp. (Class: 

Actinobacteria).  The selected strains were each grown at approximately 0.25 µmax, or 

at dilution rates of 0.015 hr-1 to 0.11 hr-1, to assess the interaction and independent 

effects of temperature and phosphorus availability (C:PR), on biomass composition 

independent of growth rate (Cotner et al., 2006; Makino et al., 2003).  We measured 

carbon and phosphorus content per cell, the molar ratios of these components (C:P), 

the cellular morphology (width, length and surface area) and the relative proportion of 

phosphorus as RNA and DNA.  The maximum growth rate of each strain at 10ºC, 
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15ºC, 20ºC, 25ºC and 30ºC was determined by calculating the doubling time during 

logarithmic growth in batch culture in BMM (C:P=10).  Each strain was grown in 

continuous chemostat culture in triplicate at two discrete resource levels at C:PR   of 50 

and 1000.  These two resource levels were assumed to generate carbon and 

phosphorus limitation, respectively.  We confirmed this by calculating the percentage 

of available phosphorus and carbon incorporated into bacterial biomass.  As P became 

limiting, the percentage of phosphorus in biomass increased from between 8-22% to 

96-100% in all three strains.  As C became limiting the percentage of carbon in 

biomass increased from between 20-30% to 65-100% in all three strains.  The 

chemostats were mixed continuously with filtered air until the cell densities reached 

steady state and experienced a minimum of 3 complete turnovers before analysis.  

 
Cell abundance and cell morphology- Cells harvested from each chemostat were 

preserved in formalin (final concentration of 3.7%) and stored at 4°C.  The stored cells 

were then diluted in 118 mM pyrophosphate (Velji and Albright, 1986) to reduce 

clumping.  To further reduce clumping, after a 30 minute period of shaking at 200 

rpm, the cells were sonicated on ice for two minutes in 30 second increments (Velji 

and Albright, 1993) and then filtered onto 0.2 µm black polycarbonate filters, stained 

with 50 µl of 1 mg/ml acridine orange and examined by epifluorescence microscopy 

(Hobbie et al., 1977).  Cell abundance was estimated by counting a minimum of ten 

fields.  The bacteria were counted visually and photographed with a SPOT digital 

camera (Diagnostics instruments, Inc., Sterling Heights, MI, USA) for image analysis.  

Image analysis was performed on a minimum of 75 randomly selected cells from each 
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chemostat using Image Pro Plus software (Media Cybernetics, MD, USA) version 

4.5.1 to determine mean cell length and width.  Cell volume and surface area of 

Agrobacterium sp. and Flavobacterium sp. were determined by using equations 

derived for a cell identified as a cylinder capped by two hemispheres.  Cell volume 

and cell surface area of Arthrobacter sp. was determined by using equations derived 

for a cell identified as a prolate spheroid (Sun and Liu, 2003). 

 

Elemental analysis- Elemental analyses for carbon and phosphorus were performed on 

biomass samples from the chemostats to assess the biochemical composition of each 

strain at each temperature tested.  Culture media was harvested and vacuum filtered (< 

5*10-5 Atm) onto pre-combusted Whatman GF/F filters for bacterial particulate carbon 

analysis and onto acid-washed GF/F filters for particulate phosphorus analysis.  All 

samples were collected in triplicate.  The particulate organic carbon content (POC) 

was determined using a CHN analyzer (PerkinElmer, model 2400).  The P content was 

determined spectrophotometrically using an acid-persulfate digestion, reacting with 

molybdenum blue and absorption measurements at 880 nm (APHA 2005). 

 

Nucleic acids -Cells from each chemostat were collected on 0.2 µm white 

polycarbonate filters in triplicate.  Bacterial nucleic acids were determined by 

extraction of cellular content via sonication and staining with fluorochrome 

RiboGreen (Molecular Probes, Eugene OR, USA), which reacts with both DNA and 

RNA (Gorokhova and Kyle, 2002).  Bacterial samples on the filters, negative control 
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samples (containing all reagents but no bacteria), and standards of RNA (E.coli, 

Invitrogen) and DNA (calf thymus, Sigma) were prepared for analysis as described in 

Makino et al. (2003).  Two identical 96-well black microplates were prepared with one 

plate receiving an addition of RNase (Promega; conc in 1X * TE buffer) before the 

initial 30-minute reaction period.  After the initial reaction period, 75 µL of 

RiboGreen was added to both plates for a second reaction period of 10 minutes.  The 

fluorescence of the samples was then measured on both plates (excitation 480 nm and 

emission at 520 nm) on a Micromax 384 plate reader (Fluormax3, Horbia Jobin Yvon) 

using DataMax software.  Differences in the scans of the plate with no RNase and the 

plate with RNase were used to determine both DNA and RNA concentrations.   

 

Statistical Analysis- The interactive and independent effects of temperature and C:PR 

on the molar ratio of biomass C:P in the replicated chemostats were evaluated with 

analysis of variance (ANOVA) using the R statistical language (version 2.7.1, R 

Development Core Team).  ANOVAs were conducted on biomass C:P with both 

temperature and C:PR as fixed effects.  This process was repeated to examine the 

interaction and independent effects of temperature and C:PR on C/cell, RNA:DNA, 

cellular volume, cellular surface area, percent total P as nucleic acids and both P/cell 

and RNA and DNA per cell normalized to realized growth rate.   

 

Graphical Analysis-In order to visually contrast the relative effects of phosphorus 

availability and temperature on all the metrics examined, the average magnitude of 
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change as a function of P and temperature was calculated.  To determine the relative 

effects of phosphorus availability on biomass C:P we calculated the ratios of the 

largest measured biomass C:P to smallest measured biomass C:P at each temperature.  

To determine the relative effects of temperature on biomass C:P we calculated the 

ratios of the largest measured biomass C:P to the smallest measured biomass C:P at 

each resource level examined.  The average relative effect of phosphorus availability 

on biomass C:P  could then be found and plotted against the average relative effect of 

temperature on biomass C:P.  None of these metrics were normalized for growth rate 

before these calculations were made.  Graphical analysis was performed using Sigma 

Plot Version 11.0. 

 

Results 

Cellular C:P, surface area and volume in all three strains were more affected 

by the change in phosphorus availability than by temperature as indicated by each of 

these metrics falling above the 1:1 line where temperature and phosphorus have equal 

impacts (Table 1, Figure 1).  Cellular C:P was more impacted by phosphorus 

limitation than either cellular surface area and volume were affected.  The RNA/DNA 

ratio in all three strains was more affected by temperature than by phosphorus 

availability. 
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Elements and bio-molecules related to growth 

As temperature increases, the maximum growth rate of bacteria increases until 

the optimal temperature is reached.  In this study we fixed the relative growth rate of 

each strain studied at 0.25 µmax by adjusting the chemostat dilution rate across the 

range of temperature studied.  To eliminate the confounding effect that differences in 

dilution rate may be having on measured P (Table 2), P rich bio-molecules and growth 

related bio-molecules, the total amount of P/cell volume, RNA/cell volume, DNA/cell 

volume and C/cell volume at C:P=50 and C:P=1000 were normalized to the realized 

growth rate for each strain at each temperature.  P content per cell volume decreased 

significantly as temperature increased in all three strains (Figure 2, Table 3, ANOVA< 

P<0.001).  The carbon per cell volume also decreased with increasing temperatures in 

all three strains; however, when P was scarce the carbon content as a function of cell 

volume was higher and decreased more profoundly as temperatures increased in both 

Flavobacterium sp. and Agrobacterium sp., compared to when P was replete 

(C:P=50).  This indicates an interaction effect between P availability and temperature 

in these two strains (Figure 2, Table 3, ANOVA, P<0.01).  All of the strains in this 

study had more phosphorus per cell and carbon per cell at low temperatures compared 

to high temperatures regardless of P availability, but the low P treatments had the 

greatest amount of carbon per cell volume.  Cellular C:P ratios of all three strains were 

strongly influenced by phosphorus availability (Figure 3, Table 3, ANOVA, P<0.001). 

As resource C:P increased, cellular C:P also increased.  
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In order to quantify the relative impacts of P-availability and temperature on 

cellular carbon and phosphorus we plotted regression curves for each of these 

variables at low and high P availability across the range of temperature examined 

(Figure 2).  The slopes of these lines represent how temperature affected the C and P 

cellular content at high and low P availability.  Cellular carbon and phosphorus were 

both strongly impacted by changing temperature and P availability.  Our results 

indicate that the cellular carbon content in all three strains was more sensitive to 

changing temperature than P availability and the cellular phosphorus content was more 

sensitive to P availability than to changing temperature in both Flavobacterium sp. and 

Arthrobacter sp. as indicated by relatively similar regression slopes under both high 

and low P availability but very different y-intercepts. (Figure 2).    

The amount of RNA per cell volume normalized to growth rate decreased 

under P limitation in comparison to when P was readily available in Flavobacterium 

sp. and Agrobacterium sp. (Figure 4, ANOVA, P<0.001).  DNA content per cell 

volume normalized to growth rate decreased under P-limitation in comparison to when 

P was readily available in Flavobacterium sp. only (Figure 4, ANOVA, P<0.001).  

Neither RNA nor DNA per cell volume normalized to growth rate in Arthrobacter sp. 

was significantly impacted by P availability.  

As temperatures increased, a significant decrease in RNA per cell volume 

normalized to growth rate in Flavobacterium sp. was observed (Figure 4, ANOVA, 

P<0.01).  Although this trend was not statistically significant in either Agrobacterium 

sp. or Arthrobacter sp. it was nonetheless observed.  In addition to decreased RNA 
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content per cell volume, the DNA content per cell volume normalized to growth rate 

increased in Flavobacterium sp. when P was replete (Figure 4, ANOVA, P<0.01). As 

a consequence of these changes, the ratio of RNA to DNA slightly decreased with 

increasing temperature in Flavobacterium sp.(Figure 5, ANOVA, P<0.05).  In stark 

contrast to Flavobacterium sp. and Agrobacterium sp. the amount of DNA per cell 

volume normalized to growth rate dramatically decreased with increasing temperature 

in Arthrobacter sp. (Figure 4, ANOVA, P<0.001).   

 

Cell Size and Morphology 

Phosphorus availability alone also significantly impacted cell volume in all 

three strains (Figure 6, Table 5, ANOVA, P<0.001).  Cell volume of all three strains 

increased as P became scarce and cell volumes of all three strains decreased with 

increasing temperature (ANOVA, P<0.001).  The decrease in cell volume as 

temperature increased was more pronounced between (10-20ºC) compared to between 

(20-30ºC) suggesting that bacterial size is more sensitive to temperature differences at 

lower temperatures (Figure 6) or that these strains are adapted to lower temperatures. 

There was an interaction effect between temperature and P availability as the decrease 

in cell volume was larger when P was limiting than when it was replete (ANOVA, 

P<0.01).  

 Cellular surface area in all three strains increased as P became less available 

(Figure 7, Table 5, ANOVA, P<0.001).  This increase was dramatic in 

Flavobacterium sp. across all temperatures examined (Figure 7, Table 5), whereas it 
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was only pronounced at lower temperatures in both Agrobacterium sp., and 

Arthrobacter sp. (Figure 7, Table 5).  As temperature increased, cell surface area 

significantly decreased in all three strains (ANOVA, P<0.001).  There was an 

interaction effect between temperature and P availability as this decrease in surface 

area was larger when P was limiting than when P was replete (ANOVA, P<0.01).  

 

Discussion 

In three diverse strains of heterotrophic bacteria grown in continuous culture at 

uniform relative growth rates we found that both increasing temperature and 

phosphorus availability decreased bacterial biomass C:P.  We identified two main 

strategies adopted by the strains studied to cope with phosphorus and temperature 

dynamics.  Both Flavobacterium sp. and Agrobacterium sp. altered their cellular 

morphology and increased in size under phosphorus limitation and at the coldest 

temperatures, whereas Arthrobacter sp. maintained a similar size and shape but 

instead responded by increasing nucleic acids (DNA) at the coldest growth conditions 

regardless of P availability.  

In nature, growth rate fluctuates along gradients of both temperature and 

phosphorus availability when P is limiting.  Changing growth rates are also known to 

independently impact bacterial biomass composition (Cotner et al., 2006; 

Chrzanowski and Grover, 2001) and can confound the cause and effect relationship 

between changes in temperature, changes in phosphorus availability and bacterial 

biomass composition and morphology.  In this study we controlled for growth rate, 
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enabling us to determine how temperature, phosphorus availability and the 

combination of temperature and phosphorus availability affect diverse strains of 

bacteria independently of growth rate. 

 

Morphological strategists and phosphorus availability 

 Increasing cellular surface area increases the area through which P can be 

obtained.  If an increase in cellular surface area is also accompanied by a decrease in 

cellular P quota, a bacterium may become more competitive for phosphorus when it is 

limiting (Løvdal et al., 2008; Thingstad et al., 2005).  In a related study we found that 

these three strains dealt with phosphorus limitation by either staying small or by 

getting larger and elongating to increase surface area (Phillips et al., CHAP 1).  We 

previously noted that while Arthrobacter sp. remained relatively small when P-

limited, both Agrobacterium sp. and Flavobacterium sp. increased in size and became 

more elongated at 15ºC.  The present work suggests that the morphological response 

of these three strains was mostly consistent from 10°C to 30°C (Figures 6,7, Table 6). 

 Phosphorus-limited cells have been shown to increase in size, shifting from 

coccoid to rod-shaped along with an increased presence of carbon-rich cellular 

inclusions (Løvdal et al., 2008; Thingstad et al., 2005).  All three strains in this study 

experienced a significant increase in cellular C:P when they were P-limited (Figure 2,3 

ANOVA, P<0.001), which indicates these strains could be both 1) increasing cellular 

carbon content and 2) becoming less P rich when limited for phosphorus.  Our data 

indicated that while Arthrobacter sp. and Agrobacterium sp. both increased cellular 



 

    58 

carbon content and became less P rich when P-limited, Flavobacterium sp. primarily 

became less P rich when P-limited (Figure 2). 

Increasing cellular C:P through both increasing cellular carbon content, cell 

size and changing cellular morphology offers bacteria many potential benefits which 

include: an increase in cellular surface area for phosphorus uptake (Clift et al., 1978; 

Thingstad et al., 2005), making the cell both a less attractive food source (Shannon et 

al., 2007) and harder to graze (Pernthaler et al., 1996); and potentially decreasing the 

cellular cytoplasm viscosity through the clumping of carbon in storage compounds 

making intracellular transport more efficient (Løvdal et al., 2008).    

Increasing cellular C:P can also be accomplished through decreasing the 

abundance or phosphorus density of P-rich bio-molecules.  While we observed a 

reduction in the quantity of cellular P in all three strains, we only observed a 

significant reduction in the quantity of nucleic acids per cell volume in 

Flavobacterium sp. under phosphorus limitation (Figure 4).  This suggests that 

Flavobacterium sp. may get larger and elongate under phosphorus limitation by 

reallocating the P from its nucleic acids into other bio-molecules when P is limited, 

thereby reducing its growth potential compared to bacteria that stay small under 

phosphorus limitation. 

 

Nucleic acid strategists and temperature change 

 Increased temperature is known to decrease bacterial cell size (Hagström and 

Larsson, 1984; Chrzanowski et al., 1988; Woods et al., 2003).  Large cells are also 
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more common when natural aquatic systems are colder (-1.5°C - 35°C) (Wiebe, 1992).  

All of the strains examined had slightly different growth rates (Table 2); however, all 

the strains increased in maximum growth rate as temperatures increased.  

Flavobacterium sp. was unique in the fact that its maximum realized growth rate was 

at 25°C, and not 30°C like the other two strains, and that in general its growth rate was 

less responsive to changes in temperature.  Flavobacterium sp. increased its growth 

rate only by a factor of about five across the range of temperature studied, compared 

to the other two strains, which both had their growth rates increase by a factor of ten 

across the range of temperature studied (Table 2).  This may indicate that 

Flavobacterium sp. was more cold-adapted than either Agrobacterium sp. or 

Arthrobacter sp.  We observed decreases in biomass C.P with increasing temperature 

but the decreases were smaller in comparison to the effect of decreased P on C:P 

(Figure 3, Table 3).  These decreases in biomass C:P observed seem to be 

disproportionally impacted by cellular carbon content, as carbon was more sensitive to 

changes in temperature than to changes in P availability (Figure 2, Table 4).  

Evidence suggests that temperature change and a corresponding change in 

growth rate can impact the biomass C:P by altering the amount of cellular RNA, DNA 

and proteins (Ingraham et al., 1983; Makino et al., 2003; Neidhardt, Ingraham and 

Schaechter, 1990).  It has been suggested that changes in RNA content in cells 

growing at slow rates more characteristic of the natural environment are not 

exclusively associated with growth rate (Ingraham et al., 1983). Hall et al. (2009) and 

Cotner et al. (2006) found decreasing temperature, not growth rate, to be driving an 
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increase in the ratio of bacterial RNA: DNA.  They argued that because reaction 

kinetics speed up as temperature increases, the growth rate of a cell with a fixed 

number of ribosomes (RNA) should be higher at warm temperatures compared to cold 

temperatures (Cotner et al., 2006).  Therefore, a cell experiencing an increase in 

temperature may be able to decrease its cellular RNA content and still maintain a 

uniform growth rate.  Similarly, we found a significantly higher amount of RNA per 

cell and a higher ratio of RNA:DNA in Flavobacterium sp. at low temperatures 

(Figure 5, Table 4).  Our results contribute more evidence to the body of work 

(Chrzanowski and Grover, 2008; Cotner et al., 2006; Woods et al., 2003; Hall et al., 

2009) that has shown that low temperatures may promote a higher cellular content of 

RNA with respect to DNA in some strains of bacteria.  In addition these findings are 

relevant to the evidence found by Hall et al., (2009) that suggest cold versus warm 

adapted bacteria exhibit different patterns in RNA to DNA ratios.  One important new 

contribution of the present work is that this same pattern was observed at a uniform 

relative growth rate despite changes in the absolute growth rate.  

In both Hall et al.’s work with natural lake microbial communities and Cotner 

et al.’s work with E. coli, there was an increase in biomass C:P with increasing 

temperatures and in both cases the authors argued that this relationship was likely 

driven by decreases in RNA at higher temperatures.  However, we observed decreased 

biomass C:P at higher temperatures in this study, particularly when P was limiting.  

Furthermore, we observed little change in cellular C:P across a temperature gradient 

when the strains were P replete, suggesting that when P was readily available the 
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effects of temperature on nucleic acid content were swamped out by other effects.  In 

all three strains changes in temperature had profound effects on biomass carbon 

content: as temperature increased biomass carbon decreased (Tables 3 and 4, Figure 

2).  In all three strains the average cellular carbon content decreased by over a factor 

of 5. (Table 3, Figure 2).  Differences between the previous studies, where relative 

growth rates increased with increased temperature, and the present study where the 

relative growth rate was fixed, were most likely due to changes in RNA (P content) 

rather than changes in carbon content.  In previous work, increased growth rates would 

have required increased RNA content, whereas, in this study, changes in biomass C:P 

were more strongly driven by changes in cellular carbon content.  Both previous work 

and this study suggest that when cold, bacteria are more nutrient dense.  Woods et al., 

(2003), suggests that higher P and N content in cold compared to warm conspecifics 

may be an adaptation to lower diffusion rates at lower temperatures and result in 

increased catalytic capacity.  

 

The combined and interactive effects of temperature and phosphorus availability 

 The largest cells were observed under cold temperatures and P-limited 

conditions.  Cells adapted to cold temperatures were forced to adapt to two 

constraints: high temperatures and low phosphorus.  However, we only observed an 

interactive effect between these two variables on carbon content per cell volume. In all 

three strains, both increasing temperature and phosphorus availability independently 

led to a decrease in cell size and surface area.  One possible explanation for this effect 
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is that if P-limited cells increase in size due to storage of excess organic carbon 

(Løvdal et al., 2008; Thingstad et al., 2005), cells that are carbon or energy limited 

would be smaller in size (Matz and Jurgens, 2003).  This could potentially result in 

carbon limited cells being both more P-rich and grazing vulnerable.  

  Although all three strains exhibited the same trends in cell size and surface 

area as temperature changed, a unique response or interaction effect to cold 

temperatures while P-replete versus P-limited was not observed in Arthrobacter sp. 

(Figures 6,7).  Our data suggest that 1) cellular carbon content was higher in all three 

strains under phosphorus-limited conditions compared to when phosphorus is not 

limiting, 2) cellular carbon content decreased more profoundly under phosphorus-

limited conditions than it did when P replete as temperatures increased, and 3) that as 

the temperature increased the carbon content of two of the three strains was 

significantly less sensitive to differences in P availability.  

All three strains decreased in cell volume and surface area as temperature 

increased, but the overall cellular size and surface area of the strains was very 

different.  The largest cells under the coldest temperatures examined in this study were 

Flavobacterium sp., Agrobacterium sp., and Arthrobacter sp., respectively (Figures 

6,7, Table 5).  Agrobacterium sp. and Flavobacterium sp. also elongated under P-

limitation to various degrees by increasing their cellular length to width (Table 6).  

However, we argue despite the benefits of being large, elongated, and C-rich, this 

strategy also comes with costs.  Our data suggest that one of these costs may be the 
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proportional increased amount of nucleic acids required by a larger cell to maintain 

growth. 

Any increases in cell size would also require a proportionate increase in 

nucleic acids to maintain uniform growth.  We observed that the overall amount of 

DNA cell volume was much lower in both Flavobacterium sp., and Agrobacterium sp. 

in comparison to Arthrobacter sp., under all treatments (Figure 4) despite the fact that 

maximum growth rates and, therefore, specific growth rates were similar.  In addition, 

while Arthrobacter sp. experienced variability in the total amount of nucleic acids per 

cell volume across temperature, both Flavobacterium sp., and Agrobacterium sp. 

maintained relatively static amounts of DNA per cell volume (Figure 4).  These results 

show that cells that both increase in size and elongate, consequently resulting in the 

largest cellular surface area and volume, may be doing so by maintaining both a 

smaller and a less flexible amount of nucleic acids per cell volume.  Whereas this 

strategy may work well when growth rates are slow, having less nucleic acid per cell 

volume could potentially result in a decreased capacity for maximum potential growth 

rate.  We suggest that increasing cellular RNA:DNA may be a mechanism used to 

maintain reproductive capacity without a substantial increase in the total amount of 

nucleic acids per cell volume.  Under cold, P-limited conditions Flavobacterium sp. 

had a higher cellular RNA:DNA ratio compared to Agrobacterium sp. and a markedly 

higher RNA:DNA ratio compared to Arthrobacter sp.  Furthermore, only 

Flavobacterium sp. significantly increased its cellular RNA:DNA ratios as 

temperatures decreased (Figure 5, Table 4).  We propose that cold, phosphorus limited 
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strains like Arthrobacter sp. bet-hedge that temperatures will increase soon by 

maintaining a larger pool of DNA.  Cold, phosphorus limited strains like 

Flavobacterium sp. and, to a lesser extent, Agrobacterium sp. seek to maximize their 

growth potential in the moment by changing their shape even though it limits the 

amount of nucleic acids per volume they maintain.  In the case of the largest strain, 

Flavobacterium sp., it also requires increasing its RNA:DNA ratio under cold 

conditions.   

 

Ecosystem level Implications 

 Due to elevated CO2 levels, global temperatures are increasing.  It is estimated 

that the mean volume integrated temperature for lakes in the Midwest region alone 

will increase by 1 to 7°C over the next 50-100 years (Hondzo and Stefan, 1991, 1993; 

Stefan et al., 1996).  In much of the world, demand for P-rich fertilizer continues to 

increase (Cordell et al., 2009; Maene, 2007).  Recent increases in agricultural 

development and the use of phosphorus-based fertilizers have been linked to increased 

P loading in Chinese Lakes (Tang et al., 2010).  On a global scale freshwater lakes are 

becoming warmer and more P-rich.  

Our results confirm previous data that indicated that increasing temperature 

alone may result in a bacterial pool that is composed of more P-rich cells (Hall et al., 

2009).  Bacteria with a lower biomass C:P will be respiring carbon more rapidly than 

bacteria with a higher biomass C:P, speeding up the flux of carbon through the 

bacterial pool (Hall et al., 2009).  If an increase in lake temperature is also coupled 
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with increasing phosphorus availability, as is predicted in much of the developing and 

developed world, this could produce P-rich cells that are also smaller.  These small P-

rich cells observed at higher temperatures also appear to be less sensitive to increased 

P availability (Figures 2 and 3).  We argue that while the combined effects of 

anthropogenic increases in both lake temperature and phosphorus availability on 

heterotrophic bacteria potentially result in a more severe positive feedback to 

atmospheric carbon levels than either variable increasing independently. It also 

appears that at higher temperatures eutrophication will have less of an impact on 

bacterial biomass composition than at lower temperatures.  
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Table 1: Relative effect size on measured metrics by temperature and phosphorus 
 

Agrobacterium sp. Flavobacterium sp. Arthrobacter sp.  
Metric Temp 

Effect 
P- 
Effect 

Temp 
Effect 

P- 
Effect 

Temp 
Effect 

P- 
Effect 

Biomass 
C:P 

1.40±0.09 6.30±0.51 1.62±0.06 4.63±0.57 2.03±0.17 4.86±0.44 

% P as 
nucleic 
acids 

2.74±0.06 3.34±0.82 2.39±0.42 1.73±0.19 2.21±0.54 2.21±0.45 

Cell 
surface 
area 

1.06±0.08 1.41±0.05 1.58±0.06 2.54±0.14 1.36±0.16 1.56±0.13 

Cell 
volume 

1.50±0.05 1.72±0.20 2.21±0.04 3.55±0.41 1.32±0.07 2.02±0.17 

RNA/ 
DNA 

5.32±2.91 1.04±0.28 6.72±0.92 1.10±0.17 6.44±3.58 2.45±0.94 

C/cell 1.83±0.42 2.90±0.38 1.91±0.26 3.79±0.94 2.04±0.77 4.49±0.69 
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Table 2: Realized growth rate (25% of maximum rate) as a function of temperature 
and strain 
 
Temperature 
(°C) 

Agrobacterium 
sp. (hr-1) 

Flavobacterium 
sp. (hr-1) 

Arthrobacter sp. 
(hr-1) 

10 0.013 0.018 0.013 
15 0.025 0.048 0.025 
20 0.043 0.050 0.063 
25 0.085 0.0625 0.100 
30 0.110 0.053 0.110 
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Table 3: Cellular phosphorus and carbon normalized to growth rate and cell volume 
and Biomass C:P of Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp. 
across changing resource C:P and temperature (n=3). 
 
Strain Temp  

(C ) 
C:PR= 
50 
High P 

C:PR= 
1000 
Low P 

C:PR= 
50 
High P 

C:PR= 
1000 
Low P 

C:PR= 
50 
High P 

C:PR= 
1000 
Low P 

  P/cell volume 
(µm3*hr-1) 

C/cell volume 
(µm3*hr-1) 

C:P Biomass 

Agrobacterium 
sp. 

10 20.62±
0.02 

3.55± 
0.01 

1021± 
34 

1359± 
68 

49.9± 
2.4 

384.8± 
17.5 

Agrobacterium 
sp. 

15 17.17±
0.04 

3.27± 
0.02 

556± 
100 

962± 
96 

49.3± 
1.8 

315.5± 
57.5 

Agrobacterium 
sp. 

20 5.12± 
0.06 

1.82± 
0.01 

305± 
61 

587± 
110 

62.6± 
5.2 

321.0± 
7.7 

Agrobacterium 
sp. 

25 2.38± 
0.07 

0.83± 
0.01 

132± 
45 

244± 
42 

56.5± 
1.4 

294.8± 
3.6 

Agrobacterium 
sp. 

30 3.03± 
0.07 

0.62± 
0.01 

126± 
26 

184± 
7 

41.9± 
0.9 

295.6± 
10.1 

Flavobacterium 
sp. 

10 11.90±
0.02 

5.65± 
0.02 

813± 
34 

1738± 
310 

69.4± 
6.7 

281.0± 
38.0 

Flavobacterium 
sp. 

15 3.05± 
0.03 

1.06± 
0.02 

153± 
8 

213± 
11 

53.0± 
7.5 

179.9± 
33.7 

Flavobacterium 
sp. 

20 6.55± 
0.03 

1.16± 
0.01 

268± 
15 

323± 
19 

41.2± 
1.7 

278.9± 
1.3 

Flavobacterium 
sp. 

25 5.35± 
0.03 

0.49± 
0.01 

198± 
14 

104± 
9 

46.0± 
4.1 

213.3± 
1.1 

Flavobacterium 
sp. 

30 8.12± 
0.08 

1.29± 
0.01 

336± 
51 

233± 
32 

41.8± 
1.8 

180.2± 
4.2 

Arthrobacter sp. 10 46.87±
0.08 

15.92±
0.01 

4691± 
690 

6290± 
240 

99.9± 
4.0 

395.7± 
20.1 

Arthrobacter sp. 15 17.84±
0.10 

9.54±0
.04 

912± 
100 

2394± 
400 

55.0± 
10.1 

252.0± 
2.6 

Arthrobacter sp. 20 14.48±
0.11 

5.16± 
0.06 

943± 
100 

1514± 
180 

65.2± 
0.6 

298.9± 
16.7 

Arthrobacter sp. 25 6.78± 
0.03 

3.39± 
0.05 

318± 
14 

1031± 
130 

46.9± 
1.1 

306.3± 
15.4 

Arthrobacter sp. 30 7.53± 
0.04 

3.69± 
0.07 

344± 
11 

781± 
110 

45.7± 
0.7 

212.8± 
10.1 

 
 
 
 
 



 

    70 

Table 4: Cellular RNA:DNA ratios of Agrobacterium sp., Flavobacterium sp. and 
Arthrobacter sp. across changing resource C:P and temperature (n=3). 
 

Strain Temp (C ) Resource C:P= 50 
(high P) 
RNA:DNA ratio 

Resource C:P=1000 
(low P) 
RNA:DNA ratio 

Agrobacterium sp. 10 ------ 2.332 
Agrobacterium sp. 15 0.450 0.556 
Agrobacterium sp. 20 0.540 0.282 
Agrobacterium sp. 25 1.083 0.793 
Agrobacterium sp. 30 0.725 1.263 
Flavobacterium sp. 10 3.234 3.353 
Flavobacterium sp. 15 0.830 0.907 
Flavobacterium sp. 20 0.795 0.656 
Flavobacterium sp. 25 0.557 0.439 
Flavobacterium sp. 30 0.799 1.394 
Arthrobacter sp. 10 0.279 0.557 
Arthrobacter sp. 15 0.395 0.398 
Arthrobacter sp. 20 0.111 0.620 
Arthrobacter sp. 25 0.087 0.293 
Arthrobacter sp. 30 0.871 0.217 
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Table 5: Cellular volume and surface area of Agrobacterium sp., Flavobacterium sp. 
and Arthrobacter sp. normalized to growth rate across changing resource C:P and 
temperature (n=3). 
 

Strain Temp 
(C ) 

C:PR=50 
(High P) 

C:PR=1000 
(Low P) 

C:PR=50 
(High P) 

C:PR=1000 
(Low P) 

  Cell volume  
(µm3/hr-1) 

Cell surface area  
(µm2/hr-1) 

Agrobacterium 
sp. 

10 63.0 ±3.0 106.4±3.1 382.0±7.9 599.1±11.1 

Agrobacterium 
sp. 

15 32.9 ±5.0 79.1±7.9 206.0±21.3 420.0±22.9 

Agrobacterium 
sp. 

20 20.9 ±0.9  35.5±5.9 121.5±3.1 178±16.9 

Agrobacterium 
sp. 

25 13.4 ±3.8 15.8±1.0 67.7±11.3 84.6±3.7 

Agrobacterium 
sp. 

30 9.2 ±0.3 15.2±1.1 49.9±1.0 72.8±3.3 

Flavobacterium 
sp. 

10 34.9±5.1 130.3±26.1 247.9±27.0 661.4±82.1 

Flavobacterium 
sp. 

15 26.8±1.6 85.2±19.5 142.5±3.9 318.1±32.5 

Flavobacterium 
sp. 

20 17.6±1.8 45.1±4.0 106.2±6.4 233.6±10.4 

Flavobacterium 
sp. 

25 15.0±1.2 75.7±6.0 89.9±5.5 263.9±14.4 

Flavobacterium 
sp. 

30 12.1±1.5 39.9±1.0 78.7±6.2 210.9±2.7 

Arthrobacter  
sp. 

10 18.7±2.5 46.8±2.4 123.7±7.1 189.6±3.2 

Arthrobacter  
sp. 

15 10.8±1.8 25.5±3.4 62.9±4.5 94.9±3.7 

Arthrobacter  
sp. 

20 4.9±0.3 8.6±0.5 27.7±0.7 37.1±1.1 

Arthrobacter  
sp. 

25 3.2±0.2 5.3±0.2 17.6±0.4 23.5±0.5 

Arthrobacter  
sp. 

30 2.9±0.1 5.4±0.1 16.1±0.2 21.4±0.1 
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Table 6: Cellular length to width of Agrobacterium sp., Flavobacterium sp. and 
Arthrobacter sp. across changing resource C:P and temperature (n=3). 
 
Strain Temp 

(C ) 
Resource C:P= 50 
(high P) 
Cellular Length 
/width ratio 

Resource C:P=1000  
(low P) 
Cellular Length  
/width ratio 

Agrobacterium sp. 10 2.70 4.00 
Agrobacterium sp. 15 3.44 5.47 
Agrobacterium sp. 20 2.67 3.14 
Agrobacterium sp. 25 2.25 3.32 
Agrobacterium sp. 30 2.36 2.90 
Flavobacterium sp. 10 3.29 4.95 
Flavobacterium sp. 15 2.95 3.91 
Flavobacterium sp. 20 3.11 5.67 
Flavobacterium sp. 25 3.22 3.25 
Flavobacterium sp. 30 2.70 5.41 
Arthrobacter sp. 10 1.36 1.49 
Arthrobacter sp. 15 1.43 1.69 
Arthrobacter sp. 20 1.42 1.64 
Arthrobacter sp. 25 1.28 1.53 
Arthrobacter sp. 30 1.16 1.55 
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Figure 1. The relative effects of temperature and phosphorus availability on 
Agroabcterium sp., Flavobacterium sp., and Arthrobacter sp. The 1:1 line represents 
where the impact of phosphorus availability and temperature is equal. 
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Figure 2. The amount of phosphorus (left panels) and carbon (right panels) per cell 
volume normalized to growth rate at low P (C:P=1000) and high P (C:P=50) 
availability from 10°C to 30°C in Agrobacterium sp., Flavobacterium sp. and 
Arthrobacter sp. (n=3). 
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Figure 3. Biomass C:P at low P (C:P=1000) and high P (C:P=50) availability from 
10°C to 30°C in Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp. (n=3). 
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Figure 4. RNA and DNA per cell volume normalized to growth rate at low P 
(C:P=1000) and high P (C:P=50) availability from 10°C to 30°C in Agrobacterium 
sp., Flavobacterium sp. and Arthrobacter sp. (n=3). 
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Figure 5. RNA:DNA per cell at low P (C:P=1000) and high P (C:P=50) availability 
from 10°C to 30°C in Agrobacterium sp., Flavobacterium sp. and Arthrobacter sp. 
(n=3). 
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Figure 6. Cellular volume normalized to growth rate at low P (C:P=1000) and high P 
(C:P=50) availability from 10°C to 30°C in Agrobacterium sp., Flavobacterium sp. 
and Arthrobacter sp. (n=3). 
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Figure 7. Cellular surface area normalized to growth rate at low P (C:P=1000) and 
high P (C:P=50) availability from 10°C to 30°C in Agrobacterium sp., Flavobacterium 
sp. and Arthrobacter sp. (n=3). 
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Chapter 3 

Flexibility in the cellular stoichiometry of Synechcoystsis sp. PCC 6803 is tied to the 

identity of the limiting nutrient 
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Introduction  

Inland lakes store a large amount of organic carbon in comparison to the 

terrestrial systems in which they are integrated (Cole et al., 2007) yet we know little 

about the controls on the biomass composition of the dominant primary producers in 

many of these systems.   Cyanobacteria from the genera Synechococcus compose a 

significant fraction of photosynthetic prokaryotes in these freshwater environments 

and therefore play a significant role in carbon cycling in these systems.  

Environmental controls and constraints commonly faced by phototrophs, such 

as nutrient limitation of both phosphorus and nitrogen, have been shown to increase 

stoichiometric ratios of carbon in comparison to the limiting nutrient (Bertilsson et al., 

2003; Droop, 1973; Rhee, 1978). The stoichiometry of carbon, nitrogen and 

phosphorus varies extensively, as a function of environmental controls, constraints, 

and species (Herbert, 1961; Rhee, 1978, Geider and La Roche, 2002; Vrede et al., 

2002; Bertilsson et al., 2003). Past research on eukaryotic algae suggests that under 

variable growth rates the limitation of phosphorus relative to nitrogen generates more 

variable carbon allocation strategies and non-homeostatic behavior (Elser et al., 2000; 

Goldman et al., 1979; Healy, 1985).  The degree to which stoichiometric ratios of 

C:N:P and carbon storage patterns change in a non-homeostatic manner in freshwater 

photosynthetic prokaryotes as a function of N and P limitation is not well understood. 

Macronutrient limitation is both common and persistent in natural systems.  

Over long time scales, both phosphorus and nitrogen have been and continue to be 

limiting to primary producers in both marine and freshwater systems for primary 
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producers (Schindler, 1977; Elser et al., 1990; Elser et al., 2000; Downing, 1997) and 

bacterial production (Cotner et al., 1997; Hessen et al., 1994; Elser et al., 1995; Vrede 

et al., 1999).  Understanding the distribution of phosphorus and nitrogen in bacterial 

bio-molecules may be linked to the observed changes in bacterial stoichiometry in 

response to the limitation of these nutrients. Klausmeir et al., (2004), identified two 

broad classes of cellular machinery (bio-molecules): assembly machinery and 

acquisition machinery.  Ribosomes, which are responsible for cellular assembly, 

contain both N and P, whereas nutrient uptake and photosynthetic proteins, which are 

responsible for cellular nutrient acquisition, contain almost no P (Klausmeier et al., 

2004).  Under phosphorus limitation, reducing the production of assembly bio-

molecules alone may allow a bacteria to change its biomass C:P (Makino and Cotner, 

2004; Makino et al., 2003; Cotner et al., 2006).  

Using this information we aimed to examine the prediction that the relatively 

even distribution of nitrogen in assembly and acquisition proteins would result in a 

tight coupling in biomass C:N or relative homeostasis under nitrogen limitation.  In 

comparison, cellular phosphorus, located mainly in assembly proteins, would result in 

a more dynamic relationship in biomass C:P, i.e. less homeostatic under phosphorus 

limitation. The ultimate goal of this work was to examine how the cellular carbon 

dynamics differed in Synechocsystis under N and P limitation. 
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Methods 

Synechocystis sp PCC 6803 was obtained from the American Type Culture 

Collection (ATCC) and then grown in BG-11 medium (Ripka et al., 1979) in batch 

culture to establish the maximum growth rate of the bacterium with replete levels of 

phosphorus and nitrogen at 28°C with 200 µE/m2s of continuous cool white light 

(Antal and Lindblad, 2005). To produce conditions of macronutrient limitation, the 

concentration of phosphorus and nitrogen was decreased giving Redfield molar ratios 

of C:N:P above 106:16:1 (Table 1). We maintained uniform ionic strength of the 

media using NaCl. The high salt tolerance of Synechocystis in comparison to the molar 

concentration of any replacement substrate should negate undesired osmotic effects 

(Marin et al., 1998). 

Synechocystis was grown in chemostats across a P and N gradient (Table 1) at 

a slow growth rate of 0.3 µmax, which is reflective of bacterial growth rates in natural 

systems, at 28˚C, with 200 µE/m2s of continuous cool white light until the cultures 

reached steady state growth as evidenced by stable optical density at 730nm (OD 730 

nm) of chemostat effluent for a period of 24 hours.  The chemostats were mixed 

continuously with filtered air, which, in addition to inorganic carbon in the media 

(Ripka et al., 1979), served to keep carbon in excess.   The biomass of cells per culture 

volume was determined by OD 730 nm using an established linear relationship 

between OD 730 nm and direct cell counts (Havaux et al., 2003).  

Elemental analysis was performed on chemostat cultures to assess the 

biochemical composition of Synechocystis at each nutrient ratio examined.  Culture 
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media was harvested and vacuum filtered (< 5 x 10-5 Atm) onto pre-combusted GF/F 

filters for bacterial particulate carbon (PC) and particulate nitrogen (PN) analysis and 

onto acid-washed GF/F filters for particulate phosphorus (PP) analysis.  All samples 

were collected in triplicate.  The PC and PN content were determined using a CHN 

analyzer (PerkinElmer, model 2400).  The PP content was determined by acid-

persulfate digestion followed by measurement of phosphomolybdate (reactive 

phosphorus) in a spectrophotometer (Cary 50) at 880nm (APHA, 2005).  

To explore the response of Synechocystis’ cellular carbon to changes in 

resource C:P and C:N. (Table 1), the degree of C:P and C:N homeostasis, we 

measured the slope of the linear regression line from log resource C:P versus log 

biomass C:P and log resource C:N versus log biomass C:N, respectively.   Lower 

slope values are indicative of strains that are more homeostatic and slopes approaching 

1.0 are indicative of non-homeostasis (Sterner and Elser, 2002). The degree of C:P and 

C:N homeostasis (H’) exhibited was calculated as:  H’=(1/m), where m was the slope 

of the linear regression line from log resource C:P versus log biomass C:P and log 

resource C:N versus log biomass C:N, respectively.   Values of H’ vary between 1 

(perfect non-homeostasis) and infinity (strict homeostasis) (Sterner and Elser, 2002). 

  

Results 

Cell density decreased dramatically above a resource C:N:P ratio of  424:60:1 

(Resource C:N ca. 7), indicating the cells were phosphorus-limited above this ratio.  
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Cell density also decreased below a resource C:N:P of 424:60:1, indicating the cells 

were nitrogen-limited (Figure 1).  

We plotted the resource C:P (C:PR) against biomass C:P to examine 

homeostasis in this cyanobacterium and calculated the slope of 0.2 (Figure 2) .  As 

C:PR increased, biomass C:P of Synechocystis did not completely track the 1:1 line 

between log biomass C:P and log resource C:P. This result demonstrated that while 

the strain did not exhibit complete food tracking, it also did not behave 

homeostatically.  The calculated homeostasis value (H’) for Synechocystis under 

phosphorus limitation was 2.00 (Figure 2) indicating that Synechocystis was relatively 

flexible with respect to changing its biomass composition under phosphorus 

limitation.  The biomass composition of Synechocystis was much more homeostatic 

with respect to N.  This was supported by the small slope (6.7 * 10 -3) observed 

between C:NR and biomass C:N (Figure 2). As C:NR increased, biomass C:N of 

Synechocystis was more strongly homeostatic with a calculated H’ of 23 (Figure 2),  

indicating that Synechocystis altered its biomass C:N very little as N became limiting.  

The relationship between resource N:P and biomass N:P suggest the cellular N quota 

was much less flexible under N-limitation than the cellular P quota was under P-

limitation (Figure 3).  This relationship revealed that the biomass N:P never fell below 

19.4, and typically remained between approximately 20-30 at all levels of N 

limitation.  However, the biomass N:P was measured as high as 95.7 as P became 

limiting suggesting Synechocystis had more flexibility in its phosphorus quotas than in 

its nitrogen quotas (Figure 3, Table 2). 
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The cellular carbon content of cells that were not clearly limited for either 

nitrogen or phosphorus (Figure 1) was lower than the cellular carbon content of both 

nitrogen- limited and phosphorus-limited cells (Figure 4, Table 2).  However, the 

difference in cellular carbon content in P-replete compared to P-limited cells was 

much larger than N-replete compared to N-limited cells (Figure 4, Table 2). 

 

Discussion 

The goal of this work was to determine how phosphorus and nitrogen 

limitation affected the elemental stoichiometry of Synechocystis. We hypothesized that 

Synechocystis, like marine pico-cyanobacteria, would be flexible with regards to 

carbon content (Bertilsson et al, 2003).  In phototrophic bacteria, phosphorus is largely 

present in assembly bio-molecules (nucleic acids) whereas nitrogen is evenly 

distributed between both assembly and acquisition bio-molecules (proteins) 

(Klausmeier et al., 2004).  Under phosphorus limitation, unlike nitrogen limitation, a 

bacterium could reduce the synthesis of assembly bio-molecules by growing at a 

reduced rate.  By storing carbon in tandem with reducing the synthesis of assembly 

bio-molecules, bacteria could store carbon/energy to resume protein synthesis and 

growth as soon as phosphorus became available again.   The advantage of both carbon 

storage and reduced growth rate under nitrogen limitation might not be as great due to 

its broad distribution in cellular proteins.  

Consistent with these different stoichiometric functions, we observed that 

Synechocystis was not strictly homeostatic under phosphorus limitation, i.e. as P 
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became more limiting the cellular P content decreased relative to cellular carbon.  

Under nitrogen limitation Synechocystis was strongly homeostatic, i.e. maintained a 

uniform biomass C:N under nitrogen limitation (Figure 2). In addition, we observed 

that cellular carbon under phosphorus limitation increased in Synechocystis relative to 

N-limited growth (Figure 4).  Under nitrogen limitation the cellular carbon content 

varied much less compared to N-replete cells (Figure 4).  

The ability to change cellular carbon in Synechocystis seems to be tied to the 

identity of the limiting nutrient.  Phosphorus is primarily located in energy intensive 

bio-molecules (Klausmeier et al., 2004; Neidhardt, Ingraham and Schaechter, 1990).  

A cell could reduce the most energy intensive fraction of its cellular bio-molecules 

under P limitation by limiting growth.  However P limitation and constrained growth 

may also make it advantageous for bacteria to store surplus carbon available for when 

P becomes available again and energy needs to be increased.  The strategy of reducing 

assembly bio-molecules and storing excess carbon would not be used to the same 

degree under nitrogen limitation due to the equal distribution of nitrogen in assembly 

and acquisition bio-molecules. This suggests that under nitrogen limitation carbon 

fixation in freshwater systems may be more tightly constrained relative to P limitation. 

 

Carbon storage in autrotrophs 

Carbon forms approximately 50% of dry cell weight in autotrophic cells. 

Carbon is utilized for both structural components of the cell and respired for energy 

production when photosynthesis is constrained.  Therefore many autotrophic cells will 
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store carbon when it is present in excess as either glycogen or poly-β-hydroxybutyrate 

(PHB) as a form of “stored energy” that can be used at a later time when either 

resources become more plentiful and growth can accelerate, or when energy 

production via photosynthesis becomes more constrained. (Carr, 1988). 

 Many autotrophic cyanobacteria have the ability to store glycogen (Smith, 

1982; Allen, 1984), whereas only a few have been shown to store both glycogen and 

PHB (Capon et al., 1983; Vincenzini, 1990).  Synechocystis will store excess carbon as 

both glycogen and PHB when carbon is in excess relative to nitrogen and phosphorus 

(Wu et al., 2001; Panda et al., 2006). Some recent research done in batch culture 

demonstrated that Synechocystis will store more PHB when limited for phosphorus 

compared to nitrogen (Panda et al., 2006).  This implies that the identity of the 

limiting nutrient may also influence the PHB content, which is carbon rich, in 

Synechocystis. 

In freshwater systems nutrient limitation of primary producers is common and 

recurring (Hecky and Kilham, 1988: Elser et al., 2000; Elser et al., 2007). 

Macronutrient availability within lakes changes at very short (Perry and Vanderklein, 

1996) to very long time scales (Harper, 1992). Phosphorus and nitrogen levels in 

freshwater lakes have and will continue to change as a result of human activities, 

particularly related to eutrophication (Liess, Drakare and Kahlert, 2009). Freshwater 

lakes once thought to be primarily phosphorus limited have been shown to regularly 

experience both phosphorus and nitrogen limitation as evidenced by increased 

production upon the addition of both nutrients alone and in tandem (Elser et al., 2007).    



 

    89 

Flexibility in cellular stoichiometry in response to nutrient limitation 

We found evidence that Synechocystis was able to store excess carbon upon 

phosphorus limitation.  As resource C:P increased from 100 to 1500 the biomass C:P 

of Synechocystis also increased from 100 to 500 (Figure 2). As resource C:N increased 

from 15 to 100 we found no significant change in biomass C:N (Figure 2). The cell 

density decreased above resource C:N:P of 424:15:1, and below a resource C:N:P of 

103:15:1 indicating the response in biomass C:P and biomass C:N  at these extreme 

levels of resource C:N:P was the result of phosphorus and nitrogen limitation 

respectively (Figure 1).   However, we observed a huge difference in the degree of 

carbon homeostasis under P and N limited conditions. This trend is also reflected in 

the observed biomass N:P across resource N:P (Figure 3).  The homeostatic behavior 

we observed in Synechocystis, although not strict under P limitation, is in direct 

contrast to the measured non-homeostatic behavior of algae like Scenedesemus (Rhee, 

1978), which could be partially attributed to our exploration of the effects on biomass 

N:P at extremely high resource N:P (>100) and extremely low resource N:P (<5) not 

included in previous studies.  

These data indicated two things: first, that Synechocystis transitions between 

nitrogen and phosphorus limitation at a much higher N:P ratio than 16:1 as predicted 

by the Redfield ratio (Redfield, 1958), but within the much higher range of resource 

N:P ratios (20-50) reported as phosphorus limiting to a wide variety of marine algae 

and cyanobacteria (Geider and La Roche, 2002);  and secondly, that nitrogen 
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limitation does not result in the same response in cellular stoichiometry as 

phosphorus-limitation in Synechocystis.  

The increase in carbon storage observed (Figure 4) in phosphorus-limited 

bacteria has been argued to facilitate several roles such as: increasing cellular surface 

area to volume ratios through elongation which can 1) increase the potential for P 

uptake into the cell (Clift et al., 1978; Thingstad et al., 2005), 2) decrease the grazing 

vulnerability of the cell (Pernthaler et al., 1996), and 3) make the cell less desirable as 

a P-rich food source (Shannon et al., 2007).  In addition, the storage of excess carbon 

may also be ‘luxury consumption’ (Rhee, 1973; Sterner and Elser, 2002) for 

Synechocystis.  By storing excess carbon under times of phosphorus limitation 

Synechocystis would have readily available energy to engage in rapid growth as soon 

as phosphorus becomes available again (Vrede et al., 2002).  

The decrease in phosphorus content observed in phosphorus-limited bacteria 

may be correlated to how this nutrient is distributed in cellular bio-molecules.  If 

Synechocystis has its cellular phosphorus mainly in assembly bio-molecules 

(Klausmeier et al., 2004) then it should be able to minimize its cellular phosphorus 

content by constraining its production of bio-molecules associated with growth; 

however, this mechanism was not an option for our bacteria maintained at a fixed 

growth rate. Other mechanisms observed in bacteria to minimize cellular phosphorus 

requirements include: 1) reallocating phosphorus between P rich bio-molecules such 

as polyphosphate, phospholipids, nucleic acids and proteins (Kornberg et al., 1999; 

Phillips, CHAP 1), and 2) reducing the phosphorus content of P-rich bio-molecules 
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(Souza et al., 2008) often by replacing phospholipids with P-free lipids.  Although 

these mechanisms have been investigated in heterotrophic bacteria they have not been 

well explored in cyanobacteria and deserve investigation.  In addition and perhaps 

most strikingly, our previous work on heterotrophic freshwater bacteria grown at 

similar growth rates, indicated that a sizeable percentage (30- 70%) of the measured 

total cellular P was not allocated into polyphosphate, phospholipids or nucleic acids 

(Phillips, CHAP 1 and 2).  This “unclassified fraction” of cellular phosphorus was 

shown to decrease under P-limited conditions in all the strains examined despite a 

fixed growth rate imposed by continuous culture.  These results imply that bacteria 

growing slowly (25% of maximum) have the ability to decrease the phosphorus 

content of this fraction (Phillips, CHAP 1), which we proposed may be partially 

attributed to cellular bio-molecules such as protein but also may be free internal 

cellular phosphate. This same mechanism of decreasing the phosphorus allocated into 

proteins may be at work in a phototrophic freshwater bacterium like Synechocystis 

when P-limited. 

The lack of stoichiometric flexibility with respect to nitrogen limitation may be 

correlated to how this nutrient is distributed in cellular bio-molecules.  If 

Synechocystis has its cellular nitrogen evenly distributed between acquisition and 

assembly bio-molecules it will have reduced potential to reduce cellular nitrogen 

content by constraining its production of bio-molecules associated with growth alone. 

To explore this idea further we examined the impacts that changes in resource N:P had 

on biomass N:P.  Cellular P content varied by a factor of five over the range of 
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resource N:P examined whereas cellular N content varied only by about 20% (Figure 

2).  These data provide more support that Synechocystis was much more flexible in 

cellular P content when P-limited than in cellular N content when N-limited. 

 

Conclusion-Broader Implications 

Our data suggest carbon dynamics in Synechocystis are related to the identity 

of the limiting nutrient.  Nutrient limitation of nitrogen resulted in relative homeostasis 

compared to phosphorus limitation. These results indicate nitrogen limitation could 

constrain carbon fixation at the cellular level in culture, but these findings also have 

implications for carbon sequestration in ecosystems.   Models suggest that both N and 

P limitation in freshwater systems may result in increased C:X ratios in phototrophs, 

which would constrain consumers, potentially leading to increased carbon being 

diverted into the sediment (Hessen et al., 2004).   Increased resource C:N and C:P 

ratios and decreased N:P (more P limitation) resource ratios in marine systems have 

been linked to increased carbon re-mineralization (Pahlow and Riebesell, 2000). These 

studies imply carbon burial can increase under both N and P limitation in natural 

systems but also that this carbon burial may be more prevalent in P-limited systems. 

This work indicates that in relation to phosphorus limitation, nitrogen limitation of 

freshwater photosynthetic bacteria may result in reduced total cellular carbon at the 

cellular level and potentially reduced carbon burial rates in the long term. Since these 

potential consequences could ultimately impact net carbon flux they should not be 

ignored in freshwater systems that are or may periodically become nitrogen limited. 
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Table 1: Resource supply of nitrogen and phosphorus tested 
Type of 
nutrient 
limitation 

Range of resource ratios tested (C:X) 

Nitrogen 100:15, 100:10, 100:7.5, 100:5, 100: 2.5, 100:2, 100:1.5, 100:1 

Phosphorus 100:1, 200:1, 425:1, 620:1, 850:1, 1030:1, 1550:1, 2050:1  
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Table 2: Cellular Carbon, Nitrogen and Phosphorus content of cells 
 
Resource 
C:N:P 

Type of 
limitation 

C/cell (fmol)  
(n=3 ± SE) 

N/cell (fmol) 
(n=3 ± SE) 

P/cell (fmol) 
(n=3 ± SE) 

2060:300:1 P 509±23.4 111±15.9 0.953±0.006 
1545:225:1 P 781±49.3 149±25.2 1.5±0.05 
1030:150:1 P 293±7.1 66.4±3.5 0.804±0.005 
848:120:1 P 260±2.9 51.2±7.3 0.517±0.008 
618:90:1 None 144±2.0 29.5±2.2 0.534±0.007 
424:60:1 None 110±1.1 30.7±7.8 0.402±0.006 
206:30:1 None 120±1.43 26.0±5.2 1.43±0.01 
103:15:1 None 203±10.6 65.0±2.5 1.50±0.01 
103:10:1 N 239±1.9 54.3±2.6 1.99±0.01 
103:7.5:1 N 242±1.5 58.3±3.5 2.07±0.01 
103:5:1 N 235±2.5 56.9±4.1 2.29±0.02 
103:2.5:1 N 227±1.9 47.6±1.9 1.62±0.01 
103:2:1 N 254±2.8 62.2±2.8 2.09±0.03 
103:1.5:1 N 256±4.1 56.1±4.1 2.15±0.02 
103:1:1 N 285±10.0 58.1±6.1 1.95±0.01 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



 

    96 

 
 

Figure 1. Biomass density measured as cells/ml ± SE of Synechocystis sp PCC 6803 as 
a function of resource N:P (n=3). 
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Figure 2. Cellular C:P and C:N of Synechocystis sp PCC 6803 as a function of P and N 
availability. The 1:1 line is represented with a dashed line on each panel. 
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Figure 3. Biomass N:P of Synechocystis sp PCC 6803 as a function of resource N:P.  
The 1:1 line is represented with a dashed line. 
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Figure 4. The cellular carbon content of Synechocystis sp PCC 6803 as a function of 
the identity of the limiting nutrient 
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