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ABSTRACT: Basic bacterial physiology predicts that the element composition of cells changes as a 
function of generation time. Rapidly growing cells are characterized by low C:P and N:P ratios com- 
pared to ratios of slowly growing cells. Working from this premise, we (1) determined the element com- 
position of newly synthesized bacteria collected from an oligotrophic Canadian shield lake and (2) com- 
pared the changes in element composition of bacteria to their temporal changes in abundance. The 
element composition of new biomass was determined from the change in bacterial element composi- 
tion following nutrient enrichment and incubation with nutrients derived from seston concentrated 
from a eutrophic lake. Bacterial C:P and C:N ratios generally decreased during incubation but N:P 
ratios changed only slightly. When averaged, new bacterial biomass had a C:P ratio (atomic) of 44.4, 
N:P of 8.5, and C:N of 5.5 (C N:P 44:9:1). The element composition of the in situ bacterial assemblage 
of an oligotrophic lake was compared to the temporal dynamics of the assemblage. Cell N:P and C:P 
ratios were low when cell abundance was increasing compared to the ratios obtained following a rapid 
decline in cell abundance. The data indicate that bacteria may alter their cellular element composition, 
and that the growth dynamlcs of bacterial assemblages may be reflected by the element ratios of their 
biomass. 
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INTRODUCTION 

Several studies describing growth limitation of the 
bacterioplankton by mineral nutrients have added 
additional layers of complexity to an already complex 
view of planktonic nutrient dynamics (Heinanen 1991, 
Wang et al. 1992, Chrzanowski et al. 1995). These 
studies reveal, in contrast to the catholic view that bac- 
teria are C limited, that bacteria may often be limited 
by a single element other than C, and at times suffer 
CO-limitation by C, N and P. Also stemming from these 
studies is the conclusion that there must be common 
situations (nutrient conditions) where the relationship 
between the bacteria- and phytoplankton is more com- 
petitive than commensal. 

Nutrient limitation studies focus attention on the fact 
that bacteria, like other members of the plankton, have 
specific requirements for mineral nutrients. While the 
bacterial demand for nutrients is clearly recognized, 
less appreciated is the relationship between nutrient 
(element) content of cells and growth (Reiners 1986, 
Martinussen & Thingstad 1987, Thingstad 1987, Eccle- 
ston-Parry & Leadbeater 1995). There are very few 
data available on the element content of bacteria and 
even less on the relationship between element content 
and growth rate. Perhaps the most extensive data 
characterizing the element content of cells is that of 
Porter (1946, summarized in Reiners 1986), while the 
relationship between element content and growth rate 
may be derived from the data presented by Bremer & 

Dennis (1987). 
In exponentially growing cultures, generation time is 

reflected in the nutrient demand and the element con- 
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tent of cells. As generation time decreases (i.e. growth 
rate increases), cell volume increases as does, to a 
lesser extent, the concentration of DNA (Herbert 1976, 
Bremer & Dennis 1987). The concentration of RNA also 
increases with decreasing generation time, but to a 
disproportionately greater extent than other cellular 
constituents. Thus, during rapid growth the per capita 
demand for C,  N, and P necessary for biosynthetic and 
energetic processes is greater than that required to 
maintain slower growth rates. Despite increases in the 
per capita demand for elements, bacteria appear to 
hold the cellular ratio of C:N constant over a wide 
range of generation time (Schweitzer & Simon 1985, 
and references within), so an increase in cell C must be 
accompanied by a corresponding (and apparently pro- 
psrticna!) incrcasc ir. cc!! N. Howrvrr, as gcxratio:: 
time decreases, cellular P concentrations increase dis- 
proportionately due to the accumulation of macro- 
molecules rich in P (as RNA) compared to structural 
molecules. Consequently, cellular N:P and C:P ratios 
should be expected to fall as cells progress from long to 
short generation times. The trajectory in cellular N:P 
as a function of generation time is shown in Fig. 1 for a 
cell type capable of extremely rapid growth (Esch- 
erichia coli) and for a mixed assemblage of freshwater 
bacteria. 

From this basic physiology stems the idea that cellu- 
lar N:P or C:P ratios may reflect the growth dynamics 
of natural assemblages of aquatic bacteria. In this 
paper we summarize 2 experiments relating cellular 
element ratios to growth dynamics of entrained and in 
situ bacterial assemblages. In previous work (Chrza- 
nowski et al. 1995, Sterner et al. 1995) we demon- 
strated that the growth rate of bacteria in an olig- 
otrophic Canadian shield lake (L240) was constrained 

by nutrient availability and that bacteria in these 
waters depended upon nutrients regenerated by con- 
sumers (macro- as well as microzooplankton). Conse- 
quently, in one series of experiments, we developed a 
'natural enrichment' from a potentially nutrient-rich 
seston and used it to release bacteria in L240 water 
from reliance upon regenerated nutrients and to stim- 
ulate their growth. We subsequently compared ele- 
ment ratios of cells before enrichment to after en- 
richment and determined the C:N:P ratio of newly 
synthesized bacterial biomass. In a second experiment, 
we compared the changes in the N:P ratio of bacteria 
in an oligotrophic lake (L240) to temporal changes in 
abundance. 

MATERIALS AND METHODS 

Sampling sites. Eutrophic Lake 227 (L227, z,,, = 
10 m, z,,,, = 4.4 m) and oligotrophic Lake 240 (L240, 
z,,, = 13.1 m, z ,,,, = 6.0 m) lie within the Experimen- 
tal Lakes Area, Ontario, Canada (93" 45' N, 49" 40' W). 
L227 has been receiving artificial nutrient enrichment 
for over 20 yr and currently receives annual P additions 
at 0.56 g P m-2; no N is currently being added. Total 
dissolved P (TDP) in L227 averaged 0.124 pM during 
the summer of this study. Nitrogen fixing bacteria 
dominate the phytoplankton by mid-summer. L240 is 
highly oligotrophic with dissolved reactive P concen- 
trations typically near the analytical detection limit and 
TDP annually averages less than 0.04 pM. 

Sampling. Water was collected from the deepest sec- 
tions of each lake for enumeration of bacteria (L240, 
weekly) and for nutrient enrichment experiments 
(L240 and L227, 8 occasions between June and mid- 

August; see Table 1). Water was col- 
lected with an 8 1 VanDorn bottle from 
3 evenly spaced depths in the epi- 
limnion (1 m below surface, -1 m 
above the thermocline, and midway 
between), screened through 80 pm 
Nitex, and equal volumes from each 
depth pooled to create a composite 
sample ranging between 10 and 60 1. 
The procedure was repeated to pro- 
duce independent triplicate samples. 

Development of nutrient concen- 
trate. A nutrient enrichment for L240 
bacteria was created from L227 sam- 
ples by concentrating the seston into 
approximately 200 m1 using hollow- 
fiber concentration apparatus (0.2 pm 
cut-off, Microgon Corp.). The concen- 
trate was frozen overnight, thawed, 
and sonified twice (50 m1 aliquot held 

7 1 Mixed community 
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Fig. 1. Ratios of N.P in cells as a function of generation time Data for Esch- 
erichia col1 were generated from Bremer & Dennls (1987). Data for the mived 
assemblage of freshwater bacteria were generated from Vadstein & Olsen 

(1989) 
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Date Element concentration (PM t SE ) Element ratios 
DOC TDN TDP C:P  N:P C N 

13 J u n e  894 + 81 36.0 ? 0.4 0.96 + 0.02 931 38 25 
20 J u n e  780 + 35 37.3 + 0.2 0.96 + 0.05 813 39 21 
28 J u n e  906 + 49 48.8 -c 0.5 0.95 r 0.21 954 51 19 
5 July 968 + 20 57.7 -c 1.5 0.89 + 0.01 1088 65 17 
14 July 901 + 32 0.90 + 0.02 1001 
19 July 949 + 34 54.8 + 0.2 1.03 + 0.07 921 53 17 
26 July 906 + 71 50.2 + 0.7 0.97 + 0.03 934 52 18 
9 Aug 920 + 38 48.0 + 0.8 0.74 + 0.12 1243 65 19 

in ice; 80 W, 10 min intervals). Debris Table 1 Element composition of oligotrophic L240 water following enrichment 

and unbroken cells .were removed by with nutnent concentrate developed from eutrophic L227 (DOC, TDN, and TDP 

filte,.,ng (2x) through glass-fiber filters = d~ssolved organlc carbon, total dissolved nitrogen, and total dissolved phos- 
phorus, respectlvely) Each estimate is the mean from 3 experimental bottles 

(Whatman GF/F) and then through 
0.2 pm polysulfone filters (Gelman). 
TDP concentration was determined 
immediately prior to using the concen- 
trate in enrichment experiments (see 
below). 

Enrichment experiments. Water col- 
lected from L240 was gently filtered 
through 1.0 pm porosity polycarbonate 
filters (Poretics) and 1 1 dispensed into 
each of 6 acid-washed polycarbonate 
bottles. Flagellates were not detected 
in the filtrates (microscopic observa- 
tion). Each bottle received a volume of L227 nutrient dant in the experimental bottles and averaged 903 pM. 
concentrate to raise the ambient total P by 1 pmol. Ini- Element ratios of the dissolved pool suggest that even 
tial conditions were established immediately following though P was increased 20-fold over the ambient con- 
the addition of nutrient concentrate; water was centration, P was still in short supply compared to the 
removed from each of 3 bottles for particulate C,  N availability of C and N. 
(duplicate), and P (triplicate), and for TDP analyses Initial cell C:N ratios (see 'Discussion') ranged 
(triplicate). The remaining 3 bottles were incubated in between 8.1 and 15.1 (Table 2) and were at the high 
the dark for 24 h at  22"C, after which final particulate end of the range of values reported elsewhere (Brat- 
C and N,  and TDP were determined. bak 1985, Goldman et  al. 1987, Lee & Fuhrman 1987, 

Analyses. Particulates were collected on pre-com- Brinch-Iversen & King 1990, Tezuka 1990). Initial cell 
busted glass-fiber filters (Whatman GF/F), dried, and C:P ratios were typically above 100:l but approached 
C and N determined using a CHN analyzer (Perkin- or exceeded 200:l by late July-early August. There 
Elmer). Particulate P, TDP, and  total dissolved nitrogen was a net increase in the element content of cells fol- 
(TDN) (both TDP and TDN from GF/F filtrates) were lowing enrichment and  incubation. Cells tended to 
determined according to the methods of Strickland & accumulate proportionately more N and P than C, 
Parsons (1972). Net incorporation of C and N into bio- consequently, C:P and  C:N ratios generally decreased 
mass was calculated (in pmol) as (final element content during incubation. However, with the exception of the 
- initial element content) and net incorporation of P 2 experiments conducted in late July, N:P ratios 
was calculated as [initial particulate P + (initial TDP - changed only slightly as a result of nutrient enrich- 
final TDP)]. Dissolved organic carbon (DOC, GF/F fil- ment. 
trates) was oxidized with persulfate (Strickland & Par- C:P and  C:N ratios of newly synthesized biomass 
sons 1972) and the resultant CO, measured with an  were generally lower than the initial or final ratios for 
infrared analyzer and subsequently converted to m01 the entire bacterial assemblage. However, N:P ratios of 
C. Bacterial cell abundance in unfiltered L240 water newly synthesized biomass were clearly lower than the 
(triplicate samples) was determined by epifluores- initial and final N:P ratios for the entire assemblage 
cence direct counts using DAPI (Porter & Feig 1980) as only for the 2 experiments conducted in late July. 
the fluorochrome. When averaged, new biomass had a C:P ratio of 44.4, 

N:P of 8.5, and C:N of 5 .5  (C:N:P = 44:9:1). 

RESULTS 
Element ratios and bacterial dynamics 

Enrichment experiments 

TDP concentrations in bottles receiving nutrients 
derived from L227 were near 1 pM (Table 1). At this 
concentration, TDP was approximately 20 times the 
average ambient TDP level (Sterner et  al. 1995). TDN 
concentrations were approximately double ambient 
TDN following nutrient enrichment. DOC was abun- 

Total bacterial abundance in L240 was determined 
weekly between May and September. Fig. 2 presents 
the temporal distribution of bacterial abundance and  
the N:P and C:P ratios of bacterial biomass (see 
Table 2, initial values). Bacteria increased from 5 X 105 
cells ml-l in May to approximately 2.4 X 10"ells ml-' 
in mid-July. Cell abundance fell dramatically between 
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Table 2.  Element content and element ratios of bacteria prior and subsequent to nutrient enrichment. Element ratios of newly 
synthesized bacterial biomass were calculated from the difference between initial and final element content. Each estimate is the 

mean from 3 experimental bottles 

Date Status Element concentration 
(PM * SE) 

N P 

Element ratios (atomic) 
Assemblages New biomass 

C:P N:P C:N C:P N:P C:N 

13 June 

20 June 

28 June 

5 July 

14 July 

. ,. 
L Y  j u i y  

26 July 

9 Aug 

Initial 
Final 
Initial 
Final 
initial 
Final 
Init~al 
Final 
Initial 
Final 
initiai 
Final 
Init~al 
Final 
Initial 
Final 

" C  and N from slngle bottle assayed in duplicate 

mid- and late July and remained below 1.2 X 106 cells 
ml-'. During the period when the cell abundance was 
increasing, N:P ratios were below 12:l and C:P ratios 
were below 115:l. Immediately prior to the rapid 
decline in abundance, the C:P and N:P ratios rose to 
176:l and 19:1, respectively. The remaining 2 samples 
were taken following the rapid decline in abundance 
during the period when abundance remained de- 
pressed. N:P and C:P ratios remained elevated at  these 
times compared to those obtained when cell abun- 
dance was actively increasing. 

DISCUSSION 

Element content of cells 

Gently filtering lake water through 1.0 pm filters 
apparently disrupted cell microaggregates because 
cell abundance in 1.0 pm filtrates averaged 10% 
greater (range -8 to +34%) than cell abundance in 
unfiltered water We considered material passing a 
1.0 pm pore-size filter to be bacteria. However, some 
detrital material may also pass this filter and thereby 
bias measures attributed to cells. Estimating the mag- 
nitude of this source of error 1s difficult as we must be 
concerned with the element composition of detritus, 
and the proportion of labile elements remaining in 
detritus that may subsequently be incorporated into 
biomass. 

In a previous study using L240 water (Elser et al. 
1995), we estimated that 34% of the C and 60% of the 
N in the <1.0 pm fraction was bacterial. Similar esti- 
mates were, and are, not possible for P as conversion 
factors are not available. However, it is reasonable to 
assume that element proportions in detritus are 
C >> N > P, and thus we reach the conclusion that most 
of the P (>60%, from above) in the 11.0 pm filtrates 
was cellular P and that C:N and C:P ratios for cells 
(particularly for 'initials') are likely to be somewhat 
less reliable than are N:P ratios. Finally, we assume 
that the elements associated with detrital material are 
not readily available for metabolism and thus repre- 
sent a constant portion of the elements captured on 
GF/F filters. GF/F filters were approximately 90% effi- 
cient in retaining bacteria. 

C:N ratios in initial samples from 1.0 pm filtrates 
were within the range of C:N ratios reported for 
aquatic bacteria, but tended towards the high end of 
this range. It seems likely that the elevated C:N ratios 
were due to C associated with microdetritus passing 
the 1.0 pm filter. Nutrient enrichments brought about a 
decrease in the C:P, and to a lesser extent the C:N, 
ratios of the bacteria in the 1.0 pm filtrates. With the 
exception of experiments conducted in late July, the 
N:P ratio of cells changed only slightly (see below). 
Newly synthesized bacterial biomass had an average 
C:N ratio of 5.5 (range 1.8 to 9.9) and this ratio is typi- 
cal of the C:N ratio expected of bacteria (Nagata 1986, 
Lee & Fuhrman 1987, but see below). That newly syn- 
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Jun Jul 

Date 

thesized biomass had C:N ratios lower than either the 
initial or final C:N ratios suggests that despite our 
attempts to develop a 'natural' enrichment from seston, 
we could not meet the nutrient demands of the entire 
bacterial assemblage. Obviously only a portion of the 
assemblage was responding to the nutrient enrichment 
since the C:N ratios of new biomass did not match the 
C:N ratios of the entrained assemblage at the end of 
incubation. The nutrients derived from L227 seston 
may have been of inappropriate molecular composi- 
tion or may have lacked sufficient P to meet the needs 
of the entire entrained assemblage. 

Our lowest C:N ratio (1.8) as well as the lowest C:P 
ratio (15.1) for newly synthesized biomass occurred on 
the same sampling date (5 July). These ratios are low 
to the point of being unrealistic and seem to have 
resulted from low measures of C incorporation rather 
than high measures of N or P incorporation (Table 2). 
Since C and N were determined from the same filters 
(CHN analysis), we have no adequate explanation for 
the low value of C incorporation. If data from this date 
are removed from consideration, the average C:P, N:P 
and C:N ratios for newly synthesized biomass become 
50:1, 8.5:1, and 6.3:1, respectively (C:N:P = 50:9:1). Our 
estimates of C:N:P ratios of newly synthesized bacter- 
ial biomass (for the complete or reduced data) are very 
similar to the ratio calculated by Reiners (1986) (46:7:1) 
from data compiled by Bowen (1979) and to that of 
Fagerbakke et al. (1996) (55:lO:l) who directly deter- 
mined the element content (X-ray diffraction analysis) 
of both marine and freshwater bacteria. 

Integrating experimental and 
field data 

In the second portion of this work, we 
compared the dynamics of a natural 
bacterial assemblage to the element 
composition of the cells (Fig. 2). In the 
absence of biochemical (thymidine, 
leucine incorporation) or direct (dilu- 
tion bioassays) indicators of growth, it is 
difficult to assess whether a decline in 
abundance is due to increased rates of 
mortality or to decreased growth rates. 
Relying on the physiological relation- 
ship between bacterial element compo- 
sition and growth rate (theory, Fig. 1, 
and below), we are able to infer that the 
decline in abundance in L240 was due 
to a decrease in bacterial growth rate. 

Fig. 2.  Temporal distribution of bacterial abundance and the N.P  (shaded bars) An upper limit to the bacterial N:P ra- 
and C:P ratios (open bars) (ratios are atomic) of bacteria biomass in oligotrophic tio of between 20 and 24 is suggested 

L240. Error bars are * SE from triplicate samples from the data in Fig. 1 and from data 
collected from a wide variety of cells 
grown at an equally wide variety of 

rates (summarized in Kyle 1994). Further, N:P ratios in 
this range (20 to 24) appear to represent slow-growing 
cells (generation times > 24 h) whereas lower ratios ap- 
pear to represent faster-growing cells. Nutrient enrich- 
ments brought about a decrease in the C:P ratio in 
each experiment, but caused a noticeable decrease in 
the N:P ratio only in the experiments conducted in late 
July. From early to mid-summer, bacterial cell abun- 
dance in L240 was increasing and at least some portion 
of the assemblage was obviously growing (Fig. 2). N:P 
ratios of the assemblage were low during this period 
(Fig. 2) and were in the range expected of growing 
cells (Fig. 1). Since the N:P ratio of the cells changed 
little as a result of enrichment, we speculate that the 
cells had a greater need for C or N than for P. Cell 
ratios reflect the net accumulation of elements, so for 
C, the demand was much greater than indicated by net 
accumulation. Kristiansen et  al. (1992) estimated that C 
growth efficiencies may be as low as 30%, thus C flux 
through the cells (hence demand) must have been at 
least double and as high as triple the net accumulation. 

During the enrichment experiments conducted in 
late July, initial bacterial N:P ratios were high and 
decreased as a result of nutrient enrichment. These 
experiments correspond to the time when the bacterial 
abundance in L240 fell and remained low. The N:P 
ratios of the initial biomass suggest that the bacterial 
assemblage entered a period of slow growth (Fig. 2) 
and the decline in bacterial abundance appears to 
have been the result of decreased growth rate coupled 
with losses to bacterivores. 
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O u r  d a t a  also sugges t  that  P turnover  i n  L240 w a s  
extremely rapid. TDP concentration i n  experimental  
bottles that received nutrients derived from L227 w e r e  
n e a r  the  target  concentration of 1 pM (Table 1).  This 
implies that  t h e  ambien t  P concentration in  L240 mus t  
h a v e  been  extremely low. However ,  since bacterial 
a b u n d a n c e  w a s  increasing for m u c h  of t h e  time cov- 
e r e d  by  t h e  enrichment  experiments ,  t h e r e  mus t  h a v e  
been  e n o u g h  nutrient (P) flux to allow for the  synthesis 
of n e w  biomass ( see  S te rner  e t  al.  1995). 

Conclusions 

Clearly t h e  e lement  content  of the  bacterioplankton 
(g:~-.:~ing acd nor.-grewing] u n d r r g ~ c s  c h a n g e  durizg 
t h e  course of a season.  Shifts o r  seasonal  t rends  in  t h e  
N:P  or C:P ratio of the  bacteria may  not only corrobo- 
ra te  other  indices of bacterial activity (such a s  thymi- 
d i n e  or leucine incorporation) but  m a y  also indicate a 
shift i n  the  na ture  and/or  availability of resources s u p -  
port ing bacterial g rowth .  This  h a s  implications for un-  
ders tand ing  planktonic nutrient dynamics.  T h e r e  is 
compell ing ev idence  indicating that  bacteria have  t h e  
potential to  compete  with phytoplankton for P (Currie & 
Kalff 1984a, b ,  Curr ie  e t  al.  1986, Vadstein e t  al. 1993). 
T h u s  dur ing  periods w h e n  bacteria a r e  actively in- 
creasing a n d  character ized b y  low C:P or  N:P ratios, 
they should directly compete  with phytoplankton for P 
(see a b o v e  discussion o n  nutr ient  flux). At t h e  s a m e  
t ime,  bu t  d e p e n d e n t  on  their  o w n  e lement  demands ,  
bacterivores grazing on  these  bacteria would s e e m  
likely to regenera te  a g rea te r  proportion of P than  N 
from their 'P-rich' p rey  (Sterner  1990, S te rner  e t  al.  
1992, Urabe 1993). In P-depaupera te  oligotrophic 
wate rs  this source  of P m a y  promote t h e  turning of 
Goldman's  (1984) 'spinning whee l ' .  [It h a s  b e e n  shown 
recently that  bacteria i n  L240 d o  i n  fact rely on regener -  
a t e d  nutr ients  to m e e t  a portion of their metabolic d e -  
m a n d  (Chrzanowski  e t  al.  1995, Sterner  e t  a l .  1995).] 
During periods of bacterial senescence  (high bacterial 
C:P or N:P ratios), bacteria incorporate less P a n d  bac-  
terivores, aga in  cont ingent  on  their own e lement  com- 
position, would s e e m  likely to regenera te  a g rea te r  pro- 
portion of N t h a n  P. Dependent  upon  t h e  reason for 
bacterial growth to slow (limitation by C ? ) ,  bacteria 
m a y  shift f rom a position of competing with phyto- 
plankton for nutrients (as  P) to o n e  of d e p e n d e n c e  upon  
phytoplankton for nutrients (C). Knowledge of t h e  ele- 
m e n t  composition of bacteria a n d  h o w  it relates to  
g rowth  thus  assumes  importance not  only a s  a m e a n s  of 
defining those factors that  m a y  regula te  bacterial nutri- 
e n t  d e m a n d ,  b u t  also a s  a m e a n s  through which w e  
m a y  fur ther  unders tand  t h e  potential for nutrient 
regenerat ion by both t h e  bacteria a n d  their predators .  
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