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Abstract: Understanding the mechanisms that generate and maintain diversity in marine prokaryotic
communities is one of the main challenges for contemporary marine microbiology. We here review
how observational, experimental, and theoretical evidence converge on the conclusion that the marine
pelagic community of heterotrophic prokaryotes consists of organisms with two main types of life
strategies. We illustrate this dichotomy by SAR11 and Vibrio spp. as typical representatives of the two
strategies. A theory for life strategy dichotomy exists in classical r/K-selection. We here discuss an
additional dichotomy introduced by what we term S/L-selection (for Small and Large, respectively).
While r/K-selection focuses on the role of environmental disturbances, steady-state models suggest
that high abundance at species level should be closely related to a low trade-off between competition
and defense. We summarize literature indicating that the high availability of organic C is an essential
environmental factor favoring Vibrio spp. and suggest that the essence of the generalized L-strategy is
to reduce the competition-predator defense trade-off by using non-limiting organic C to increase size.
The “streamlining” theory that has been suggested for the S-strategist SAR11 proposes the opposite:
that low trade-off is achieved by a reduction in size. We show how this apparent contradiction
disappears when the basic assumptions of diffusion-limited uptake are considered. We propose
a classification scheme that combines S/L and r/K-selection using the two dimensions of organic
C availability and environmental disturbance. As organic C in terrestrial runoff and size of the
oligotrophic oceanic gyres are both changing, habitat size for both S- and L-strategists are affected by
global change. A theory capturing the main aspects of prokaryote life strategies is therefore crucial
for predicting responses of the marine microbial food web to climate change and other anthropogenic
influences.

Keywords: prokaryote life strategies; marine pathogens; competition; defense; trade-off; r/K-
selection; cell size; SAR11; Vibrio; marine microbial ecology

1. Introduction

The sequencing revolution has brought a dramatic increase in our observational
knowledge of diversity in natural microbial communities. This calls for a deeper theoretical
understanding of the mechanisms that generate patterns in this diversity. A focus in much
of the studies of marine prokaryotes has been the huge richness of species (as defined by
their 16 rRNA gene amplicons) [1]. Rank-abundance curves for these communities are,
however, highly skewed, with a few dominant and a long tail of rare species [2]. Typical in
the dominant part of the community are members of the SAR11 (Pelagibacter) clade, possibly
making this the most abundant organism on earth [3]. As discussed later, this pattern
sometimes shifts, and community members normally in the rare tail of the distribution
become dominant. Whole-genome sequencing of diverse isolates from ocean surface
samples around the world has suggested that this reflects two main life strategies [4]:
(1) a group with SAR11 and a few other species with small genomes, nearly always
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dominating in abundance, and (2) a diverse group of organisms with larger genomes,
rarely dominating in abundance, but capable of rapid growth in energy-rich situations. For
reasons that will become clear, we will term these “S” and “L” strategists for “Small” and
“Large”, respectively. With its SAR11 dominance, the group of S-strategists is dominated
by «-proteobacteria. Examples of L-strategists suggested later in this review include both
Y-proteobacteria and Bacteriodota, corroborating the finding of a larger diversity in the
usually rare part of the community [4]. The difference in genome size can be illustrated
by SAR11’s 1.34 Mb average genome size as compared to Vibrio spp., which may have a
total genome size >5 Mb [5]. The aim of this review is to explore the mechanisms behind
S/L-selection and the ecological conditions that make each of them successful in terms
of abundance.

Whole-genome sequencing of isolates from the same species has revealed that their
genomes have large variable regions [6]. Each species can thus be seen as a collection of
strains. With this, there are two ways for a species to become abundant, either by (1) es-
tablishing many strains (requiring competitive abilities) or (2) having many individuals
within each strain (requiring defensive abilities). The success recipe for high abundance at
the species level is, therefore, to combine highly competitive with highly defensive abilities,
possible only if there is a low trade-off between competition and defense. Relative differ-
ences in the trade-offs associated with their defense mechanisms have thus been suggested
to determine the relative differences in the abundance of species [7]. Following this logic,
the environmental conditions that determine whether S- or L-strategists dominate should
somehow affect the relative value of trade-offs between the two groups.

There has been a considerable debate on what mechanisms make SAR11 so success-
ful [3,8-10]. Important in the present context is the focus on whether this success is based
on competitive or on defensive traits [11]. It is intriguing that the free-living organism
(parasites, symbionts, and viruses excluded) with the smallest genome probably also is the
earth’s most abundant [3]. The prevailing hypothesis is “streamlining” [10], whereby the
small genome reduces resource requirements, allows the production of more cells per unit
of resources, and allows for a size small enough to reduce protozoan predation. Since this
simultaneously would increase competitiveness and reduce predatory loss, streamlining
fits the hypothesis that a low trade-off between competition and predator defense promotes
high abundance. While this gives a plausible explanation for the success of S-strategists,
it leaves the important and largely unanswered question: How can the L-strategists with
their “opposite” strategy of larger cell sizes and more complex genomes sometimes replace
the S-strategists? L.e., what environmental conditions gives the L-strategy a lower trade-off
between competition and defense than the S-strategy? Understanding the L-strategy and
its implications is, therefore, a main goal of this review.

Ten years ago, Pedrds-Ali6 [12] pointed out the importance of understanding also
the rare biosphere in the ocean. Yet, with a large species diversity in this group, the
incentives to look for common properties within this group seem to have been less than
for the dominant SAR11 clade. To understand the L-strategy, we here focus on the genus
Vibrio as one suggested sub-group. Vibrio is chosen here not only because it illustrates the
applied importance of understanding the L-strategy but also because its applied importance
has made it one of the few relatively well-studied members of the (usually) rare part of
the marine heterotrophic prokaryote community. We summarize some of this literature,
together with experimental work on adding or removing organic C (OC) from seawater
communities. Based on this information, we propose that the common trait shared by
L-strategists is the use of non-limiting OC to lower the trade-off between competition and
defense. Importantly, this use of excess OC in predator defense also suggests why Vibrio
and possibly also some other L-strategists have developed pathogenicity.

The steady-state arguments used for such S- vs. L-selection distinguishes this theory
from classical r- vs. K-selection theory, which emphasizes the role of non-steady-states
in disturbed systems [13]. We believe the proposed mechanistic framework for S- and
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L-selection may be helpful in interpreting data on prokaryote community composition and
will return to how these two classifications can be combined.

2. Connections between Non-Limiting Organic C, Predation Resistance,
and Pathogenicity

The applied importance of marine Vibrio comes primarily from their role as pathogens.
Infections occur in both shellfish [14] and fish [15], with Vibrio splendidus and Vibrio an-
guillarum as examples of causative agents. Vibrio also includes human pathogens such
as Vibrio cholerae [16] and Vibrio vulnificus [17], responsible for severe gastroenteritis and
skin and muscle tissue infections, respectively. Human food poisoning from seafood is
another challenging problem, with raw oysters infected with Vibrio parahaemolyticus as
an example [18]. As opposed to many of the other members of the usually rare marine
prokaryotes, this has led to considerable literature on Vibrio in natural marine environments.
Of particular importance in our context is the question of which factor(s) promote increased
abundance of Vibrio spp.

By comparing wild-type with mutants deficient in glycogen storage, Bourassa and
Camilli [19] concluded that glycogen storage contributes not only to survival in the natural
environment but also to the pathogenicity of V. cholerae. Interestingly, this is consistent
with suggestions that pathogenicity is a case of “coincidental evolution” where the original
fitness gain was in the evolution of defenses against natural protozoan predators; coinci-
dentally providing resistance also to macrophage phagocytosis [20-22]. Understanding
the ecological conditions that select for predation-resistant bacteria may therefore provide
direct clues to the mechanisms that select for pathogenic bacteria in natural waters.

Several investigations have shown how exposure of natural aquatic bacterial commu-
nities to increased protozoan predation leads to a change in community composition of
prey toward predation-resistant morphologies and taxa [23-28]. Important in the present
context, Matz and Jiirgens [24] found that predation-resistant forms increased more in
cultures limited by phosphate and replete in glucose than in cultures limited by glucose and
replete in phosphate. Matz et al. [26] found that large bacterial size, high swimming speed,
and strong surface charge were important phenotypical bacterial traits for defense against
the model predator Spumella (a 2-5 um flagellated protist). In addition, morphological
features such as capsules, slime, and associated clumping likely contribute to defense. Most
of these defense strategies have costs in terms of energy and/or in terms of carbon used for
structural purposes. Environments rich in organic C (OC) thus offer better opportunities
for the selection of predation-resistant heterotrophic prokaryotes than those where carbon
and energy are limiting.

It is a classical observation that many bacteria, when limited by mineral nutrients
such as nitrogen or phosphorous, accumulate C-rich material in granules as, e.g., poly-3-
hydroxybutyrate or glycogen [29,30]. The fitness advantage of such storage is traditionally
assumed to be in fluctuating environments where OC may become growth limiting in
the near future (e.g., the work of [31]). If this was the whole explanation, such organisms
should only become abundant in fluctuating environments since stored carbon would not
provide any fitness gain in environments permanently enriched in OC. Importantly, the
granules also fill a large part of the cell volume, and the consequence is often a considerable
increase in cell volume (See, e.g., Figure 2 in the work of [32]). In cells depending on uptake
of dissolved nutrients, size is not only important for predation loss but also for diffusion-
limited nutrient uptake and thus for competitive ability. For a spherical cell, diffusion
transport to the cell surface increases linearly with cell radius (r) [33]. Competitive ability,
however, depends on the ratio between acquisition rate and requirement. If the amount
of limiting substrate required to build a new cell is proportional to the cell volume, the
competitive ability for a spherical cell, therefore, scales as r' /r3 = r=2. This is why small
cell size is usually thought to be an important competitive trait under nutrient-limiting
conditions [33]. In the present context, this is consistent with the streamlining hypothesis
for S-strategists. If, however, size can be increased without an increase in the need for the
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limiting element, the competitive ability will scale as r!, and the competitive advantage
will be in increasing, rather than in decreasing size (See Box 1 for detailed argument).
When combined with the defense advantage of a size large enough to avoid predation by
heterotrophic flagellates [26], this means that cells that can use a non-limiting substrate
to increase size can reduce the trade-off between competition and defense [32]. Our L-
strategists are thus a subclass of the larger class of “Winnie-the-Pooh” strategists, previously
defined as organisms able to use a non-limiting resource to reduce the trade-off between
competition and defense [32] (referring to A.A. Milne’s story: “ ... and when the Rabbit
said, "Honey or condensed milk with your bread?” he was so excited that he said, ‘Both’.”
Milne A.A. (1926) Winnie-the-Pooh, Methuen & Co., London, UK, p. 37).

Both increasing (L-strategists) and decreasing (S-strategists) size can thus reduce
trade-off, as illustrated in Figure 1. Since L-strategists replace S-strategists given access to
sufficient OC, it follows that the L-strategy, when feasible, is more efficient (gives a larger
reduction in trade-off) than the S-strategy.

Competitive
ability
§-strategists

Competitive ability
L-strategists

Predator size
selectivity

Competitive ability 3>
Size selectivity

S ™ en am e

Linear cell size

B  Without non-limiting OC C With non-limiting OC

0.8 L-strategists

S-strategists
0.6
0.4

0.2

L-strategists S-strategists

Relative abundance

1 2 3 45 6 7 8 910 1 2 3 45 6 7 8 910

Rank (~trade-off)

Figure 1. (A) Schematic illustration of the proposed mechanism whereby S- and L-strategists decrease
the trade-off between competition and defense by reducing or increasing size, respectively. The
size-increase of L-strategists requires access to sufficient non-limiting organic C (OC). For S-strategists,
competitive ability is assumed to scale with r=2. With a size below the peak in prey selectivity, a
further decrease in size will increase competitiveness and simultaneously reduce predator loss. For
L-strategists where competitiveness scales with r!, a reduction in trade-off is obtained if size increases
above the peak in predator selectivity. With rank (in abundance) dependent on trade-off, the usually
(B) S-dominated (blue) rank-abundance curves shift to (C) L-dominated (red) in environments with

sufficient non-limiting OC.
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Additional negative effects of OC on bacterial predation loss come from the possibility
that C-rich food may cause food quality limitation in their protozoan predators [34,35],
thus potentially reducing growth and activity of the predator population.

Box 1. Summary of the theoretical arguments for why both increasing and decreasing cell size can
increase a cell’s competitive ability. Adapted from the work of [32].

At sufficiently low concentrations of the limiting nutrient, transport to the cell by molecular diffusion
is assumed to be the growth-limiting process. For a spherical cell of radius r, the maximum diffusive
flux is:
J = 4nDrS,

where D is the diffusion constant in water for the substrate molecules, S is the substrate concentration
at infinite distance from the cell, and all molecules reaching the cell surface are captured (S, = 0).
Assume for simplicity a non-respired substrate being the only molecule containing the limiting
element (e.g., phosphate). The cell has to sequester an amount equal to the cell quota before it can

divide. Growth rate y is, therefore:
__AnDr S
]4 Q 4

where Q is the cell quota of the limiting element. Competitive ability at permanently low concentra-
tions is then defined by the maximum affinity a:

4ntDr
Q
If  can be increased without affecting Q (by, e.g., C-storage), competitive ability thus increases

linearly with r as hypothesized for L-strategists (Figure 1).
If, however volume-specific content p of the limiting element is constant, & will scale as r~2:

__ 4nDr E
tnrdp  pr?

Both a reduction in size () and a reduction in the volume-specific requirement for limiting element
(p) (by, e.g., reduction in genome size) will then increase competitive ability as hypothesized for
S-strategists (Figure 1).

The simple physiological hypothesis behind the two strategies is thus that either cell quota Q
(L-strategists) or volume-specific content p (S-strategists) of the limiting element is independent of
size. The validity of this either-or assumption is an obvious issue for further research.

3. Observational Studies of Marine Vibrios

There are two main environmental factors recurring in the literature on the occurrence
of Vibrio in natural systems: increased temperature and/or the presence of OC.

A strong direct indication of the role of OC in favoring Vibrio under natural conditions
comes from a phenomenon called “milky seas”. This is attributed to the high abundances
of the luminescent bacterium Vibrio harveyi living in association with carbohydrate-rich
colonies of the microalgae Phaeocystis [36]. The large-scale “blooming” capabilities of Vibrio
are illustrated by observations from both ship and satellite of one such bloom extending
over ca. 14,500 km? in the Indian Ocean (Miller et al., 2005). Enrichment of V. anguillarum-
like organisms has also been found in water enriched in carbohydrates from sugar and
cellulose industries [37], leading the author to suggest that such pollution increases the
exposure of fish to vibriosis. Saharan dust events also induce rapid growth of Vibrio spp.
such as V. cholerae and Vibrio alginolyticus [38] and is suggested to be caused by the high
iron content of the dust. Experimental Fe-addition was, however, not found to stimulate
the growth of Vibrio in oligotrophic waters [39]. As Saharan dust contains bioavailable
forms also of nitrogen, phosphorous, and organic C [40,41], it can be difficult to identify
one single growth-stimulating factor in the dust.

Correlation between the occurrence of Vibrio spp. and the concentration of organic
C in particulate and dissolved forms has been shown in the Bengal delta [42]. Another
environment of interest in this context is the Adriatic Sea, as it is known to have states with
extreme accumulation of organic C as mucus of probably mainly diatom origin [43]. A



Diversity 2022, 14, 217

6 of 14

study in Italian coastal water detected both V. alginolyticus and V. vulnificus from July to
September 1997, although this study focused on Vibrios attached to zooplankton rather than
on any potential relationships with the organic content of the water masses. Live copepods
are known to function as a reservoir of V. cholerae [44].

Interesting evidence of a correlation between increasing temperature and increas-
ing abundances of Vibrio in the North Atlantic comes from the continuous plankton
recorder [45,46]. There has also been an unprecedented occurrence of environmentally
acquired Vibrio infections in the human population of Northern Europe and the Atlantic
coast of the United States in recent years [46]. Outbreaks of V. parahaemolyticus have been
reported in association with El Nifio Southern Oscillation events [47], where cold upwelling
water on the Pacific coast of South America is replaced by warm surface water. Increased
ocean surface temperatures also correlated with increased numbers of V. cholerae infections
in Bangladesh and increased numbers of infections with human pathogenic Vibrio spp. in
the Baltic region, the North Atlantic, and the North Sea [48]. Many Vibrio infections seem to
be correlated with warm water conditions, and this has been used to argue that Vibrio and
associated problems may increase at high latitudes as climate change leads to increasing
water temperatures [49].

The evidence for the role of temperature in stimulating Vibrios is thus strong, and
clear and consistent statistical correlations with environmental variables other than salinity
and temperature have been difficult to establish in observational data sets [50]. Tem-
perature, however, affects many important phenomena in pelagic ecosystems. It can
therefore be difficult to separate direct temperature effects on Vibrio spp. occurrence and/or
pathogenicity from indirect effects via, e.g., increased water column stability or changes in
the autochthonous supply of organic matter from phytoplankton or allochthonous supply
from rivers. The possibility also remains that OC-rich situations at lower temperatures are
better exploited by L-strategists other than Vibrio (see next section on mesocosm experi-
ments). From studies of V. harveyi in microcosms at elevated temperatures, Montanche
et al. [51] suggested the alternative explanation that the increase in Vibrio infections at a
higher temperature more likely is caused by an increase in virulence, giving them access
to the nutrient-rich environment of the infected hosts, rather than an increase in fitness in
seawater itself.

4. Bacterial Community Shifts in Mesocosms Amended with Glucose

Changes in community composition toward dominance of previously rare bacterial
species seem to be a highly reproducible phenomenon in mesocosm experiments where
glucose is added as an N- and P-free source of OC. The outcomes include a Vibrio-dominated
community in a Danish fjord [52]; a community dominated by V. splendidus, also in a Danish
fjord [53]; and one dominated by Psychromonadaceae in an Arctic location in Spitsbergen [54].

Since these shifts occur under conditions with non-limiting glucose, the organisms
were not selected because they are superior competitors for glucose. They are selected
over periods of days with permanent glucose excess [54], making it also unlikely that OC
stored as reserve material provided them a fitness advantage in periods with C-limitation.
The previously discussed use of OC by L-strategist, here as glucose, to simultaneously
reduce predation and increase diffusion-limited uptake of limiting mineral nutrients has
therefore been suggested as the mechanism behind the glucose-induced shifts in bacterial
community composition [32].

As V. splendidus is a shellfish pathogen [14], its dominance in glucose amended meso-
cosms serves as a case study demonstrating how experimental conditions can select for
pathogens, independent of the presence of any infectees. Like the Vibrionaceae, the Psy-
chromonadaceae also belong to the y-Proteobacteria [55]. It is interesting to note that Psy-
chromonas spp. were also enriched in experiments with detritus degradation in the Arc-
tic [56]. In addition, several Psychromonas spp. (P. aquamarine, P. japonica, and P. macrocephali)
have been isolated from samples taken in the vicinity of whale carcasses [55], indicating that
they may share with Vibrios the ability to proliferate in environments rich in organic matter.



Diversity 2022, 14, 217

7 of 14

Psychrophilic Psychromonas spp. thus possibly fill an ecological niche as L-strategists in
cold waters, similar to that of Vibrio spp. in warmer environments. Pathogenic members of
the Psychromonodaceae seem, however, not to have been reported.

Microbial population dynamics in experimentally perturbed mesocosms have been
successfully described using a mathematical “minimum” model [57] where the community
of heterotrophic bacteria is one single plankton functional type (PFT). Its functional role in
the microbial food web is defined by its ability to compete with phytoplankton for mineral
nutrients and its defensive properties against predation by heterotrophic flagellates. How-
ever, to obtain the response to glucose additions correct, the prokaryote community had to
be divided into two groups, essentially corresponding to the S- and L-strategists discussed
here [54]. For models aspiring to accurately reproduce shifts between situations with
heterotrophic bacteria limited by OC and by mineral nutrients, some kind of representation,
either of L- and S-strategists as two separate PFTs, or as one PFT with adaptive strategy,
seems to be required.

5. Viability of Marine Larvae

In aquaculture of larvae of marine fish and crustacea, the mortality at the early stage
of industrialization is highly variable and can be >90%. The reason has been attributed
to various problems, including egg/brood-stock quality, nutrition, and dysbiosis due to
negative interactions between the host and its microbiota [58,59]. The high variability
between replicates is only consistent with a microbial problem, although the other factors
also are important [60]. In many cases, specific pathogens are not detected, but the situation
is often referred to as a “Vibrio-problem” [61,62].

To solve this problem has been an active field of research, and several countermeasures
have been tested, including disinfection, prophylactic use of antibiotics, pro- and pre-biotics,
and setting up selection regimes against detrimental bacteria [59]. The outcome is variable,
but an approach with consistently strong positive effects has been described in terms
of r- vs. K-selection: K-selection is sought within the rearing system to avoid blooms
by opportunistic r-strategist (reviewed by the authors of [60]). Initial work suggested
that the problem with poor and variable performance was due to blooms of fast-growing
opportunists (=r-strategists), and a solution to the problem was achieved by setting up
K-selection within the system [58]. K-selection is stimulated by securing competition for
resources, and this is achieved by introducing a biofilter within the system. Biofilms serve
as a protection against protist predators [63] and enable the build-up of high biomass
of non-pathogenic K-strategists consuming organic matter. With high bacterial biomass
on the biofilter, a low supply rate of resources per bacterium is secured. This K-selected
bacterial community will release bacteria into the water. The K-selection approach has
been tested with a considerable number of cultivated host species, including Atlantic cod,
and in different types of cultivation systems (traditional flow-through and recirculating
aquaculture systems). The K-selection excludes Vibrio species and other fast-growing -
proteobacteria, and when comparing the performance of the cultivated species with and
without the biofilter, significant differences in the microbiota of the larvae are obtained.
Typically a 50% to 100% improvement in appetite, growth rate, survival, and robustness
to stress is obtained when larvae are grown with the K-selected bacterial community
(reviewed by the authors of [60]).

Whereas manipulation of bacterial communities in aquaculture has received consid-
erable attention [64], the role of bacterial infections in population control in natural fish
stock is less known but could be substantial [65]. It is an important question whether
bacterial infection is an important mortality factor in natural populations of fish larvae
and whether environments selecting for Vibrio and other pathogenic bacteria, therefore,
can lead to recruitment problems in local fish stocks. A potentially interesting case is the
Oslo fjord (Norway) which has experienced a largely unexplained collapse in the local
fish stocks [66]. With its recurrent bathing season problems of human infections by the
“flesh-eating” V. vulnificus [67], it is tempting to speculate whether the two phenomena are
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connected through environmental changes leading to enrichment in OC with subsequent
stimulation of L-strategist bacteria.

6. What Drives Natural Environments toward Enrichment in Organic C?

With an important role in the global carbon cycle, the ecological conditions that pro-
duce environments with sustained excess of bioavailable OC have been given considerable
experimental (e.g., the work of [68]), observational (e.g., the work of [69]), and theoretical
(e.g., the work of [70]) consideration.

Accumulation of OC to levels not limiting bacterial growth occurs in ecological situa-
tions where supply (allochthonous + autochthonous) exceeds losses due to consumption
and export. OC accumulation is thus a combined result of the (allochthonous and au-
tochthonous) production processes and the ecological processes regulating bacterial carbon
demand. Bacterial consumption of OC is the product of per capita consumption and abun-
dance. Theoretically, constraining bacterial consumption, therefore, requires mechanisms
that keep both activity per cell and number of cells low. This has been demonstrated in
laboratory experiments where bacterial abundance was controlled by protozoan preda-
tors, while the bacterial growth rate was controlled by competition with phytoplankton
for phosphate. This combination of top-down and bottom-up control strongly reduced
bacterial glucose consumption, not only relative to a situation with bacteria alone but
also to the two situations where bacteria were exposed to either predation or competition
separately [71]. Mineral nutrient limitation of bacterial growth (and therefore a potential
for OC accumulation) has been found in both limnic [72,73], brackish [74], and marine
waters [75,76].

Elevated autochthonous OC production is connected to species composition of the
phytoplankton community. One example is blooms of carbohydrate-producing Phaeocystis
sp., in extreme cases leading to foam formation to an extent representing a nuisance
phenomenon on North Sea beaches [77]. Diatoms can also produce OC far above what
one would predict if linking photosynthesis to mineral nutrient uptake with a Redfield
stoichiometry [78]. Mesocosm experiments have also demonstrated how large diatoms,
when not limited by silicate, consume the limiting mineral nutrients and therefore stop
bacterial consumption of glucose [79]. The combination of glucan production from diatoms
and low mineral nutrient availability for heterotrophic prokaryotes may favor L-strategists
such as Polaribacter spp. (Bacteriodota), which have the complex enzyme machinery needed
for glycan degradation [80].

In coastal zones, important allochthonous sources add to this and include organic
pollution sources such as pulp industry (e.g., the work of [37]) and natural OC content
in freshwater discharges. As the OC content in land runoff is influenced by precipitation,
permafrost thawing [81], and ice melting [82], OC supply to coastal regions is believed to
increase with climate change.

7. Are the Flow-Cytometer Groups of LNA and HNA Populations Reflecting S- and
L-Strategists, Respectively?

Further studies on the ecological role of shifts between S- and L-strategists would
benefit greatly from any easily obtained indicator of the two populations. An obviously
interesting candidate is the LNA /HNA balance frequently recorded in flow-cytometric
analysis of picoplanktonic communities. Using the fluorescent DNA stain Cyber Green I
usually reveals two distinct populations, separated by the fluorescent signal into a high
nucleic acid (HNA) and a low nucleic acid (LNA) population. As expected, considering
its small genome, SAR11 is a dominant member of the LNA community [83]. With our
“large or small” hypothesis (Figure 1) in mind, L-strategists with their larger genomes
would be expected to be members of the HNA community. In Arctic samples, the HNA
community has been found to be dominated by members of the Bacteriodota phylum [83],
an interesting phylum in the present context since it has pathogenic members [84]. With our
hypothesis that the L-strategy is successful when non-limiting OC is available, a dominance
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of L-strategists in the HNA community should lead to high HNA/LNA ratios in OC-
enriched environments. This prediction does, however, not immediately fit observations,
as low ratios have been associated with OC-enriched situations in upwelling gyres in the
North Atlantic [85], and high ratios have been observed in deep water samples in the
Mediterranean [86]. Inferring the S/L-balance from HNA /LNA ratios would be blurred
if the L-strategist is a variable fraction within the HNA community. The possibility is
illustrated by the observation that photosynthetic members of the picoplankton community
may dominate the HNA community in some environments [83]. An interesting parallel
would be if chemolithotrophs make a substantial contribution to the HNA population in
deep water samples.

8. Relating S- vs. L- to r- vs. K-Selection

The fish larvae literature has linked infections and pathogenicity to the classical - vs.
K-strategies, while results from the mesocosm studies have been explained in terms of
the S- and L-strategies described above. As noted in the introduction, the foci of the two
frameworks are different, with r- vs. K-selection focusing on the effect of environmental
disturbances, while the S- vs. L-selection focus on the importance of trade-offs between
competitive and defensive traits. The two frameworks are thus not in conflict but can be
seen as supplementing each other with S- and L-strategists as subgroups of K-strategists
(Figure 2). Importantly, however, the mechanisms whereby C-storage is suggested to lower
trade-off in L-strategists also provide them with the additional advantage of stored C and
energy that can be exploited in environments fluctuating between mineral nutrient and
OC limitation. With its <10 min minimum recorded generation time [87], Vibrio natriegens
serves as a demonstration of how at least some L-strategists may be capable of rapid growth
when conditions allow. The traditional idea has been that many of the traits defining r- and
K-strategies would be either-or, defining two distinct groups of bacteria [13]. The suggested
L-strategists do not fit this dichotomy since they combine K-defining traits (high defensive
and competitive abilities at low concentration of limiting nutrient) with r-defining traits (i.e.,
C-storage and rapid growth) (Figure 2). Whether the best interpretation of their dominance
is as r- strategists (as used in the aquaculture literature) or as L-type K-strategists (in the
mesocosm literature) thus depends on the stability of the actual OC-enriched environment.
There may also be a division within the L-strategist group with organisms with either more
r- or more K-defining traits. Experimental evidence for such a division within the Vibrio
genus has been reported [88]. The streamlining of the genome needed for the S-strategy
likely necessitates abandoning the more complicated genetic machinery required to cope
with fluctuating environments [10], preventing S-strategists from such a combination of r-
and K-strategies.

The literature also uses the terminology of oligotrophs and copiotrophs to describe
the dichotomy observed in marine prokaryote strategies (e.g., the work of [89]). Like
S/L-selection, this emphasizes the role of OC rather than the role of environmental stability
but does not explicitly include the suggested role of OC in reducing competition-predation
trade-off.

Relevant to Figure 2 is a recent meta-analysis of the correlation between maximum
growth rate, cell size, and genome size in cultured prokaryotes [90]. Their finding of little
correlation between these traits over all clades and habitats may seem to weaken the case
for a fundamental role of cell size, also reflected in genome size, as argued here. The
S/L-selection proposed here does, however, explain why organisms with both large and
small size and large and small genomes may be K-strategists and grow slowly. It also
explains how large size-large genome L-strategists may grow both slowly (as K-strategists)
and rapidly (as r-strategists). The size flexibility of L-strategists with or without access
to excess OC would also blur cell size-genome size correlations when measured over all
habitats. With Figure 2 capturing only two dimensions of a presumably multi-dimensional
selecting environment, the possibility for additional selection mechanisms remains open.
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Figure 2. Summary of strategies discussed (S (blue), L (red), r (yellow), and K (green)), arranged in the
two dimensions of (y-axis) environmental disturbances and (x-axis) growth rate limitation by mineral
nutrient vs. organic C (OC). Fluctuating environments select for r-strategists with characteristic
traits such as high maximum growth rate, rapid luxury consumption, and storage of presently
non-limiting nutrients. Stable environments create climax communities consisting of K-strategists,
where competitive ability at low nutrient concentrations and defense mechanisms against predation
and viral infections are assumed to be important traits. In this scheme, the S-strategists, with their
“streamlining” strategy, dominate when OC/energy is limiting. L-strategists dominate when there is
sufficient non-limiting OC to allow a reduction in their competition-defense trade-off below that of
the S-strategists. As the S-strategy is suggested to involve storage of OC, they have traits classifying
them as both r- and K-strategists.

9. Final Remarks

We believe that the idealized model in Figure 1 captures essential aspects of how trade-
offs between predator defense and competition shape prokaryote community structure.
However, other mechanisms clearly add detail to this picture. One important candidate
for such an additional mechanism is how host-specific viruses and the associated trade-
offs split the S- and L-strategists into species and strains [7]. Another is the chemical
composition of the OC-pool and how this presumably selects for different L-strategists
based on differences in their substrate specialization [80].

These additional mechanisms may be reflected in different genomic structures for the
two types of strategists. One could speculate that, for an abundant organism, viral defense
is particularly important. Perhaps the pattern of SAR11 with a small genome per cell but
a large pan-genome [91] reflects a dominantly top-down (mortality) controlled splitting
of the clade by lytic viruses. The hypothesized L-strategy of residing at low abundance in
most of the marine habitat may require less viral defense, whereas the ability to exploit
the environments with high OC may require more biochemical pathways. Without the
space and resource requirements that constrain evolution in S-strategists, this may have
favored diversification of L-strategists at a “species” rather than at a “strain” level. The
apparent difference in diversity within the two groups may then be biased by our tendency
to associate diversity with the “species” level. Diversification could be large in both groups,
but the S- and L-strategies may favor diversification at the “strain” and “species” levels,
respectively.

In this framework, the global success of the S-strategist SAR 11 is rooted in the vast
size of the oligotrophic marine habitat to which its strategy is adapted. The L-strategy, on
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the other hand, is “superior” in terms of a potentially lower trade-off between competitive
and defensive traits but feasible only in habitats that so far are more restricted in time
and space. The oligotrophic oceanic gyres are expanding [92], and terrestrial supply of
OC is expected to increase with climate change [81]. Habitat size for S- and L-strategist is,
therefore, a feature of the marine microbial ecosystem sensitive to climate change on both
local and global scales.

Although simple, the scheme suggested in Figure 2 thus has broad implications, not
only in the applied contexts of human health and aquaculture practices but also in basic
research questions spanning a broad range from genome organization, via diversification
processes at different levels, to ecosystem responses to global change.
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