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Introduction

Microbial ecology and microbial taxonomy have many related concerns in understanding
the diversity of prokaryotic organisms. In examining the literature however it is clear that
the issue of growth rate is of secondary interest to microbial taxonomists. Many of the
studies of bacterial isolates and their taxonomic organization examine relatedness using
genetic and phenotypic markers. The genetic markers employed vary from DNA-DNA
hybridization, 16S rRNA sequencing, tRNA profiling, etc. A DNA-DNA relatedness of
70% or greater is the current guideline for eubacterial species definition [20], but a 98%
relatedness based on 16S rRNA and other definitions are worth debating [19]. Typically,
the phenotypic markers are scored as presence/absence of growth on various carbon
sources, for example [11]. This type of analysis of relatedness is understandably limited
when faced with some 100 or more substrates, but clearly the measured growth rate of
different strains on a given substrate varies and is of interest.

In contrast microbial ecology is very focused on growth rate, although usually in the
absence of taxonomic information. Bulk growth rates are estimated using the incorporation
of thymidine [6] or leucine [9]. In culture work RNA content is related to growth rate [8],
and thus the level of RNA or RNA:DNA ratios in cells from natural samples are possible
measures of growth rate [10]. The interpretation of field data is much less clear than that of
lab data on isolates, however. The technique has not yet reached the level of measuring
growth rates of particular species at the individual cell level.

Some recent pioneering efforts examine growth rates of specific taxonomic entities such
as species in the field by following the labelling of DNA of specific taxa with 3H-
thymidine [12] or bromodeoxyuridine [18]. In one thymidine method, the bulk labelled
DNA is isolated and hybridized to query DNA from a specific organism. The change in
activity of the captured DNA is proportional to the growth rate of the organism [12]. In the
bromodeoxyuridine method, the labelled DNA is captured using an antibody. Its species
affinity is probed with 16S rRNA specific PCR reactions and subsequent analysis of the
phylogenetic position of the captured sequences [18].

One assumption behind these approaches, especially the thymidine method, is that the
growth rates of individual cell representatives of a species are essentially the same under
the same environmental conditions. Thus the average rate that is measured will be of use in
understanding the population. Is this true? My belief, (this is an opinion article), is that it
will be dangerous to take these rates at face value. As shown below, isolates of the same
species can have very different growth rates. The measured species growth rate will be an
average of widely varying rates or possibly bimodal distributions. The reasons for clonal
growth rate differences have been poorly studied because the topic falls somewhere
between the fields of taxonomy and ecology.
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Examples of isolate growth rate divergence

Several reviews describe and discuss the ubiquitous clonal variation of growth rates and
other properties in eukaryotic phytoplankton species [2, 21]. Since many of these species
are thought to reproduce asexually, the same issues discussed hold for prokaryotic
organisms. In looking at the primary literature, there are several examples in which isolates
of a bacterial species can have different growth rates under otherwise identical conditions.
In a study by Ruby and Morin [13], the growth rates of 4 to 7 isolates for each of four
Vibrio species at four temperatures are compared. For some groups, Photobacterium
phosphoreum, for example, the growth rates are very similar at each temperature. In
contrast, for the other three species there are some large differences in growth rate (all in
minimal medium). At 35oC, for example, some isolates will not grow while others will.
One problem with the interpretation of this particular data set is simply the species
definition. It would be useful to have a molecular confirmation of the species definitions
that would now be possible. For example, do the outlying isolates represent related but
different “species”.

Much of the variation occurs at the temperature extremes where there is a greater
possibility of artifacts. The cultures are transferred from 20oC and so may experience some
temperature shock which may have a variable probability of killing the cells, giving zero
growth rates. Because of the number of growth rate measurements, there appears to be no
replication of the growth measurement of individual isolates which would address this
issue. It is also possible that, because of the temperature transition, not all measurements
provided a real acclimated growth rate, although this is less likely. In summary, this paper
provides a clear demonstration of growth rate variation in several species, but leaves open
questions of its extent and mechanism.

In cyanobacteria, Karsten [7] compares the growth rates at different salinities of ten
Microcoleus chthonoplastes isolates. There are growth rate differences at low and high
salinities. Interestingly, the maximum growth rates for the isolates varies from 0.2 d-1 to
0.54 d-1, approximately a factor of two. The strains seem to show a bimodal distribution of
growth rates.

In our own work we are studying the growth rates of isolates of Synechococcus  spp.
from the California current. In particular we are concentrating on three isolates which form
a loose clade based on rpoC1 sequence data; CC9317 and CC9305-3 are 92% identical
over 612bp and both are 89% identical to CC9318 [16]. The strains also have similar
pigment characteristics (PUB:PEB ratio).  It is clear however that strain CC9305-3 will
grow significantly faster than the two other strains (See Figure 1). This difference is
equivalent to the CC9305-3 cells doubling every other day while the other two isolates will
double every three days on nitrate. The growth rate of CC9305-3 is also faster than the
other two strains when ammonia is the nitrogen source, suggesting it somehow has an
intrinsically faster growth rate. An unrelated strain isolated from the same environment,
CC9311, is capable of doubling every day under the same conditions, so we believe the
media conditions are generally conducive to Synechococcus growth.
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Fig. 1.  Three Synechococcus isolates from the California Current were grown in autoclaved seawater
enriched with 200µM nitrate or ammonia and the same levels of phosphate, vitamins, and trace metals. See
Toledo and Palenik [16] for culturing details. The growth rates (k) of the strain CC9305-3 were always
greater than those of CC9317 and CC9318. Growth rate was calculated with the equation A=A0e

-kt  . The
coefficient of variation of measurements of k was about 11%.

Mechanisms of isolate growth rate divergence

The absolute growth rate of an organism in the field is dependent on the characteristics of
the organism and its environment. Intrinsic cell characteristics determining growth rate are
transport (the rate a cell can accumulate nutrients such as C, N, P, etc.), metabolism (the
rate a cell can transform these nutrients into basic cellular constituents such as protein,
lipid, DNA, RNA), and energy metabolism (the rate a cell can obtain and expend energy).
The absolute growth rate of the cell is also dependent on characteristics of its environment,
including the levels of temperature, light (as an energy source), nutrients, and toxins.
Biological factors such as disease (viral predation), grazing, etc affect the fate of individual
cells, and the net growth rate of strains or species. These biological factors are missing
from our laboratory experiments, yet the fate of a species in the field is dependent on its
net growth rate not its absolute growth rate.

There are several possible hypotheses for why isolates of a species have differences in
absolute growth rates under identical laboratory conditions: 1)microspeciation; 2) circadian
effects 3)deleterious mutations; 4) balancing selection.

The microspeciation hypothesis says that different isolates represent strains that have
slightly different adaptations to environmental conditions. Some strains may be better
adapted to a lower temperature regime while others may be adapted to a higher
temperature regime. Because environmental temperature changes, different isolates will do
better at different times of year. When we assay these isolates at the same temperature, we
see growth rate differences. This argument can be made for any environmental variable. In
situ evidence suggests that microspeciation is occurring within the cyanobacterium
Prochloroccus  [4], which according to the current definition is a single species, and likely
many other bacterial and eukaryotic phytoplankton species.
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A second, still unexplored, mechanism for differences in growth rate is related to the
microspeciation hypothesis. If there is a strong selective pressure, especially for
photoautotrophs, to replicate during a particular part of the light/dark cycle, then cells may
evolve maximum growth rates with measurable values near one doubling every day, every
other day, etc. When conditions are replete, the strains optimized to one doubling a day
may do the best, but when conditions are poor, the cells optimized to double every other
day may do the best. Does this explain the kind of growth rate differences of our California
Current Synechococcus isolates?

A third hypothesis is that strains simply accumulate mildly deleterious mutations that
confer a slower growth rate. These strains are continually created and lost from the
population depending on the mutation rate of the organism and the growth and loss rates of
the cells.

The hypothesis of balancing selection requires more explanation. There is evidence for
what I will call eubacterial life history strategies, or ways in which cells try to avoid grazer
or viral death. For example, the cell could produce significant quantities of a secondary
metabolite whose only purpose is to affect other organisms but that requires significant
expenditure of energy or another resource to produce. A potential example of this is in a
cyanobacterial sponge symbiont [17]. Alternatively, the cell may change the structure of a
cell surface protein involved in nutrient transport or cell wall formation to make it more
resistant to phages or grazers, but possibly at the same time reduce its transport rate or
increase its cell wall synthesis phase. A hint of this appears in the work of Ernst [3]. It is
also clear that viruses are common in aquatic environments and sensitive and resistant
strains of bacteria such as Synechococcus can be found [15]. The key point here is that
these strategies may reduce the cell’s absolute growth rate, but confer an advantage by
reducing its death rate, thus increase its net growth rate.

Let us accept for the moment that bacteria have such life history strategies. At the same
time let us suppose that if this strategy is genetically knocked out through a mutation, the
cell will grow faster. Its cell numbers will increase relative to its cousins, until the viruses
to which it is now sensitive bring its growth under control. There may be a form of herd
immunity in which the resistant population helps protect the sensitive population as well
[5]. A state will exist where there is a relatively faster growing population that is sensitive
to a virus and a slower growing population that is resistant. Both could have the same net
growth rate and thus coexist. This mechanism of balancing selection would generate clones
which, when assayed in the lab, will show absolute growth rate differences.

How are we going to figure out the mechanisms for the differences in clonal growth
rate? The most promising route is to use molecular genetics. For example, one approach to
discovering the reasons why CC9305-3 grows faster than the other two strains is to make a
genomic library of CC9305-3 and conjugate [1] it into CC9317 and try to find clones
which now have a faster growth rate (If they exist, they should take over if grown in
semicontinuous batch culture).  One could try to then determine the genetic element that
provides this growth rate advantage. One simple hypothesis is that there might be an
additional copy of the 16S rRNA gene in CC9305-3 relative to the other strains that
provides a growth rate advantage under certain circumstances, but perhaps a disadvantage
under slow growth as seen in E. coli [14].



Cyanobacterial Diversity & Adaptation

Summary

Clear examples exist of single species in which the growth rates of individual eubacterial
isolates measured in the lab vary significantly. I think we need to do more than
demonstrate these differences; we need to ask why.  I have outlined some mechanisms that
would lead to growth rate differences, and there probably are others. Molecular genetic
studies could help elucidate which of these mechanisms are actually occurring.

If we were able to make a measurement of the absolute growth rates of single cells of a
species in its environment, what would we find? Possibly the environmental conditions are
different enough from those "ideal" conditions used in the lab that the individual cells
would have a much tighter range of growth rates. Alternatively, we could find a large
range of growth rates or, at an extreme, “quantized” growth rates. An average (what
researchers are currently trying to measure) would likely be meaningless in this case. A
technique to measure single cell growth rates in the field would obviously be immensely
valuable to microbial ecology.

Acknowledgements

This work was supported by NSF award OCE96-33111. Two anonymous reviewers
provided valuable comments on an earlier version of the manuscript.

References

1. Brahamsha B (1996) A genetic manipulation system for oceanic cyanobacteria of the
genus Synechococcus.  Appl Environ Microbiol 62:1747-1751.

2. Brand LE (1988/89) Review of genetic variation in marine phytoplankton species and
the ecological implications.  Biol Oceanogr 6:397-409.

3. Ernst A, Postius C, Boeger P (1996) Glycosylated surface proteins reflect genetic
diversity among Synechococcus spp. of Lake Constance.  Arch Hydrobiol Spec Issues
Adv Limnol 48:1-6.

4. Ferris MJ, Palenik  B (1998) Niche adaptation in ocean cyanobacteria. Nature.
396:226-228.

5. Fine, PEM (1993) Herd immunity--history, theory, practice. Epidemiol Rev 15:265-
302.

6. Fuhrman JA, Azam F (1982) Thymidine incorporation as a measure of heterotrophic
bacterioplankton production in marine surface waters: evaluation and field results.  Mar
Biol 66:109-120.

7. Karsten U (1996) Growth and organic osmolytes of geographically different isolates of
Microcoleus chthonoplastes (Cyanobacteria) from benthic microbial mats: response to
salinity change.  J Phycol 32:501-506.

8. Kerkhof L, Ward BB (1993) Comparison of nucleic acid hybridization and fluorometry
for measurement of the relationship between RNA/DNA ratio and growth rate in a
marine bacterium.  Appl Environ Microbiol 59:1303-1309.

9. Kirchman DL, K'Nees E, Hodson R (1985) Leucine incorporation and its potential as a
measure of protein synthesis by bacteria in natural aquatic systems.  Appl Environ
Microbiol 49:599-607.

10. Lee SH, Kemp PF (1994) Single-cell RNA content of natural marine planktonic
bacteria measured by hybridization with multiple 16S rRNA-targeted fluorescent
probes.  Limnol Oceanogr 39:869-879.



Cyanobacterial Diversity & Adaptation

11. Palleroni NJ, Doudoroff M, Stanier RY, Solanes RE, Mandel M (1970) Taxonomy of
the aerobic pseudomonads: the properties of the Pseudomonas stutzeri group.  J Gen
Microbiol 60:215-231.

12. Pollard PC (1998) Estimating the growth rate of a bacterial species in a complex
mixture by hybridization of genomic DNA.  Microb Ecol 36:111-120.

13. Ruby EG, Morin JG (1978) Specificity of symbiosis between deep-sea fishes and
psychrotrophic luminous bacteria.  Deep-Sea Res 25:161-167.

14. Stevenson BS, Schmidt TM (1998) Growth rate-dependent accumulation of RNA from
plasmid-borne rRNA operons in Escherichia coli.  J Bacteriol 180:1970-1972.

15. Suttle CA, Chan, AM (1993) Marine cyanophages infecting oceanic and coastal strains
of Synechococcus: abundance, morphology, cross-infectivity and growth
characteristics. Mar Ecol Prog Ser 92: 99-109.

16. Toledo G, Palenik B (1997) Synechococcus diversity in the California Current as seen
by RNA polymerase (rpoC1) gene sequences of isolated strains.  Appl Environ
Microbiol 63:4298-4303.

17. Unson MD, Holland ND, Faulkner DJ (1994) A brominated secondary metabolite
synthesized by the cyanobacterial symbiont of a marine sponge and accumulation of
the crystalline metabolite in the sponge tissue.  Mar Biol 119:1-11.

18. Urbach E, Vergin K L, Giovannoni S J (1999) Immunochemical detection and isolation
of DNA from metabolically active bacteria.  Appl Environ Microbiol 65: 1207-1213.

19. Ward DM (1998) A natural species concept for prokaryotes.  Curr Opinion Microbiol
1:271-277.

20. Wayne LG, Brenner DJ, Colwell RR, Grimont PAD, Kandler O (1987) Report of the
ad hoc committee on reconciliation of approaches to bacterial systematics.  Int  J Syst
Bacteriol 37:463-464.

21. Wood AM, Leatham T (1992) The species concept in phytoplankton ecology. J Phycol
28:723-729.


