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ABSTRACT

Understanding the mechanisms controlling the generation and maintenance of biodiversity provides
some of the planet’s greatest and most pressing challenges. Variation in resource concentration, which
varies widely at multiple scales, may cause biodiversity to increase, decrease, or exhibit a unimodal
response and underlying mechanisms remain obscure. We established experimental cultures of long-term
stationary phase (LTSP) Escherichia coli to test whether per capita heterozygosity varies with resource
concentration, and, if so, whether population sizes associated with different resource concentrations
contributed to these patterns. Our results provide the clearest example to date of increasing per capita
heterozygosity with increasing resource concentration. Further, our experimental manipulations of
population size, independent of resource concentration, provide the first unequivocal evidence that
population size is one of the underlying factors controlling per capita heterozygosity along such resource
gradients. Specifically, we show that cultures with higher maximum population sizes, associated with
higher resource concentrations, have higher per capita heterozygosity. These experiments provide the
first experimental evidence for an underappreciated factor controlling biodiversity along resource
gradients—population size. This direct evidence of population size influencing diversification rates has

implications for regional and global scale patterns of biodiversity.

IODIVERSITY varies widely across the planet,
along gradients of temperature and productivity
(MiTTELBACH et al. 2001; WILLIG et al. 2003; HILLEBRAND
2004; PEnN1sT 2005; SUDING et al. 2005; JABLONSKI ¢t al.
2006). The near-infinite complexity and variability of nat-
ural ecosystems has, perhaps, slowed our ability to both
characterize patterns and elucidate mechanisms under-
lying the origin and maintenance of this biodiversity.
Here we use a simple model system to show unambigu-
ously how diversification rates increase monotonically
with both resource availability and population size.
Dozens of hypotheses have been generated to explain
variation in diversity along resource gradients, and most
of them have focused on how resource concentration,
per se, can influence competitive interactions and pred-
ator—prey dynamics (WAIDE et al. 1999). In nature, re-
source concentration gradients inevitably confound
changes in ratios of potentially limiting factors, and this
variation probably contributes to the variation in the
patterns of diversity we see along resource and pro-
ductivity gradients. It is critical that we determine
experimentally the baseline patterns of diversity along
gradients that are under our complete control. Only this
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will allow us to observe what tends to happen along
resource gradients where only concentration, and not
ratios, vary.

Resource gradients create not only gradients in bio-
diversity, but also gradients in population size, and this
variation in population size may generate patterns of
both genetic and species diversity (hereafter diversity)
(STEVENS and CARSON 1999; VANDERMEULEN e¢f al. 2001;
SUDING et al. 2005; BAzIN el al. 2006). Neutral theory
predicts that larger populations (perhaps associated with
high resource levels) will have greater heterozygosity
(Crow and Kimura 1970). Further, we know that larger
populations have higher rates of adaptation (DE VISSER
and RozeN 2005), and this has the potential to increase
the rate of adaptive diversification. Clonal interference
in asexual populations (GERRISH and LeNskr 1998) and
the Hill-Robertson effect in sexual populations (HiLL
and RoBERTSON 1966), in which more beneficial muta-
tions compete with each other and slow the rate of
selective sweeps, will also maintain greater diversity in
larger populations. It is also widely accepted, however,
that microbial populations can rapidly lose diversity
through selective sweeps (ATwooD ef al. 1951) and
hitchhiking (GILLEsPIE 2001)—increased evolutionary
rates caused by larger population size would serve only
to exacerbate this loss of diversity. Experimental verifi-
cation of the effect of population size on diversification
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rate is lacking, yet would have profound implications for
global patterns of biodiversity along resource and
latitudinal gradients.

Here we describe dynamics of population size and per
capita genetic diversity (hereafter simply “heterozygos-
ity”) in highly dynamic long-term stationary phase
(LTSP) cultures of Escherichia coli. The LTSP of microbial
population dynamics follows the better characterized
lag, exponential, stationary, and death phases (FINKEL
2006). LTSP is characterized by relatively low popula-
tion sizes (10°-107 cells - m1™"), rapid turnover, and dy-
namic evolutionary change (ZAMBRANO and KOLTER
1996; YEISER et al. 2002; FINKEL 2006). This population
turnover and evolutionary dynamism begins to appear
almost immediately, even in overnight cultures, and
continues indefinitely for days, weeks, and years.

One of the most notable changes is the accumulation
of beneficial mutations that confer a competitive ad-
vantage to surviving cells (ZAMBRANO et al. 1993; FINKEL
and KoLTER 1999; FINKEL et al. 2000; YEISER ¢f al. 2002).
Frequently, when cells are grown under aerobic con-
ditions in Luria-Bertani medium, the first gene to
receive a detectable mutation is 7poS, the gene encoding
the stationary phase-specific or stress-response sigma
factor RpoS (ZAMBRANO et al. 1993; HENGGE-ARONIS
2000; FARRELL and FINKEL 2003). For example, in one
experiment, individual LTSP cultures contained 6-7
rpoSmutant alleles after only 10 days of incubation (M. J.
FARRELL, V. PALCHEVSKIY, T. JESSNER and S. E. FINKEL,
unpublished results). Such mutations frequently result
in different degrees of attenuated RpoS activity.

We used well-mixed LTSP cultures of E. coli popula-
tions to test (i) whether heterozygosity varies with re-
source concentration in an unstructured environment,
and (ii) whether larger populations associated with high
resource concentrations could account for the observed
pattern of heterozygosity. Within a single culture, differ-
ent rpoSmutations frequently result in different degrees
of attenuated RpoS activity, and we can observe directly
the degree of attenuation using a reporter gene. For our
experiments, observed variation (based on subsamples
of equal cell numbers) in the expression of this reporter
served as our measure of the heterozygosity of LTSP
cultures of E. coli. In our first experiment, we established
an initial resource-concentration gradient and assayed
population size and heterozygosity for 10 days. In our
second experiment, we manipulated both initial popula-
tion size and initial resource concentration indepen-
dently and then assayed the response of both population
size and heterozygosity to this manipulation for 10 days.

MATERIALS AND METHODS

Bacterial cultures: Following standard methods for long-
term stationary phase culture of FE. coli (ZAMBRANO and
KoLTER 1996; FINKEL et al. 2000; FINKEL 2006), all experiments
used strains derived from ZK918, an E. coli K-12 (nonmating)

strain, that carries a bolA::lacZ reporter fusion to monitor the
appearance of rpoS mutants within the populations (see below;
BoHANNON et al. 1991). SF2054 and SF2055 are otherwise
isogenic versions of ZK918, expressing resistance to either
nalidixic acid (NalR) or streptomycin (StrR), respectively
(FARReLL and FINKEL 2003). The parental strain and its
derivatives are commonly used in long-term survival and
evolution experiments (ZAMBRANO and KOLTER 1993, 1996;
FINKREL and KoLTER 1999; FINKEL ef al. 2000). The NalR and
StrR markers (encoded by mutant alleles of gyrA and rpsL,
respectively) are effectively neutral in the absence of drug
selection, having no effect on competitive advantage under
these growth conditions (FINKEL and KoLTER 1999; FINKEL
et al. 2000). In addition, we routinely assay for the spontaneous
appearance of both drug markers in either strain and have not
observed a NalR strain become StrR, or vice versa. All bacterial
cultures were grown in Luria-Bertani medium (LB; Difco,
Detroit), a standard complex medium for FE. coli experiments.
Cultures were grown in 7.0 ml of LB broth in 18 X 150 mm
glass test tubes, incubated at 37°, mounted at a 45° angle, and
shaken at 200 rpm on a New Brunswick shaker platform for
constant aeration.

Identification of rpoS mutants under different growth con-
ditions: Derivatives of the RpoS-reporter strain ZK918 were
used to observe phenotypic changes due to mutation at rpoS.
These strains carry a bolA::lacZ reporter fusion (BOHANNON
et al. 1991). bolA gene expression is under control of the
general regulatory protein RpoS (HENGGE-ARONIS 2000);
maximal lacZ expression is dependent on wild-type alleles of
rpoS. To determine the RpoS phenotype of evolved strains,
individual colonies are plated on MacConkey agar (Difco).
Colonies are scored as wild type or a category of attenuated
expression on the basis of their color: red for wild-type cells,
and dark pink, light pink, or white for different attenuated
mutant alleles (FARRELL and FINKEL 2003). The status of the
rpoS gene can be further confirmed by performing the catalase
“bubble assay” (expression of the KatE catalase is dependent
on RpoS) (BoHANNON ef al. 1991; ZaMBRANO and KOLTER
1993).

Use of the bolA::lacZ reporter as a phenotypic marker of
genetic variation, provides a very robust and reliable indicator
of rpoS activity. RpoS activity is a trait that comprises a critical
component of a cell’s complex fitness response to stressful
environments (HENGGE-ARONIS 2000; NOTLEY-MCROBB et al.
2002; FARRELL and FINKEL 2003). As a measure of phenotypic,
rather than genotypic, diversity, it reflects traits that more
directly influence interactions and responses to abiotic factors.
Our observations of the reporter trait, however, comprise only
four categories derived from a continuum of likely types:
“red,” “dark pink,” “light pink,” and “white.” This may be akin
to describing the diversity of a plant community with four
functional types, for instance, annual weeds, perennial weeds,
early-successional trees, and late-successional trees. Such gross
differences provide a sound starting point for understanding
ecologically relevant phenotypic diversity in an assemblage of
species or phenotypes within a species. Nonetheless, such a
coarse classification may result in a poor resolution of true
taxonomic diversity and composition. If we observe patterns of
diversity at such a coarse resolution, they are likely to represent
very robust patterns.

Assaying population size and diversity of rpoS mutants:
Each culture was sampled, serially diluted, and spread onto
MacConkey agar plates to determine the color of individual
colonies and population densities. One plate per culture,
containing 150-300 colonies, was selected for enumeration.
The viable cells were counted and scored by their colors (red
for wild type and dark pink, light pink, and white colonies for
different levels of attenuated activity).
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Nei’s heterozygosity (H =1 — Zjllpf, aka Simpson’s di-
versity) measured per capita culture diversity (SIMPsoN 1949;
NErI 1987; STEVENS et al. 2003) using the proportions, p;, of
sample colonies of each color. Because we have a finite
number of observed mutant phenotypes (white, light pink,
dark pink, plus the red wild type), maximum heterozygosity
(Hmax = 1 — 4(0.252) = 0.75), as well as the heterozygosity ex-
pected under neutrality (CRow and KiMUra 1970) are both
<1. All assays of replicate cultures were based on approxi-
mately equal numbers of cells, and a regression (notshown) of
sample size and diversity revealed no pattern.

Because of our use of both a diversity index and similar
sample sizes across replicates, our results reflect the relative
abundance of phenotypes, i.e., diversity or population-level
heterozygosity. The results do not reflect sampling artifacts,
wherein larger populations contain more total mutants—
rather, they reflect variation in diversity.

Resource gradient experiment: In the first experiment, LB
concentrations for each experiment included the standard
concentration (1X) and four twofold serial dilutions
(G X, 1%, X, and{5 X ). Each strain was replicated twice at
each resource concentration, for a total of 20 tubes. Sterile
distilled water was added to each culture periodically to
maintain constant volume. Population sizes and heterozygos-
ity were assayed each day for 10 days, using methods described
above. Although we report results for heterozygosity, we
obtained directly analogous results when using other meas-
ures of diversity and dominance, such as the proportion of the
sample composed of the wild type (red colonies). General
linear mixed models with repeated measures tested effects of
resource concentration, sampling day, and their interaction
on the logarithm of total population size and the arcsin square
root of diversity. The most parsimonious random-effects struc-
ture was determined with likelihood ratio tests (PINHEIRO and
BaTEs 2000). The most parsimonious models included culture
tubes as independent random variables, and variances esti-
mated independently for each nutrient concentration. All
analyses were performed with the Rlanguage (R DEVELOPMENT
Core TeaM 2007) using the nlme package (PINHEIRO and
BaTtes 2000).

Population size manipulation: We tested directly the in-
dependent effects of population size and resource concentra-
tion on diversity by growing E. coli populations at different
volumes, at different resource concentrations. The selected
volumes and resource concentrations (see below) manipu-
lated population size independently of resource concen-
tration. In particular, they allowed the population size of the
low-concentration-high-volume treatment to exceed the pop-
ulation size of the high-concentration-low-volume treatment.
We established two replicates of each strain at each unique
volume—concentration combination: 7 ml and 70 ml of
%X standard LB concentration, and 0.7 ml and 7 ml of stan-
dard LB. Population sizes and Nei’s heterozygosity were as-
sayed each day for 10 days, using methods described above.
Statistical methods are the same as those described above, and
in addition, single degree-of-freedom contrasts used “dummy”
(i.e., “treatment”) coding to test differences among unique
treatment combinations for total population size on day 1, and
heterozygosity on day 10.

RESULTS

In the resource-concentration experiment, E. coli
population size increased with resource concentration,
but only in relatively young cultures (Figure 1; day X
resource-concentration interaction: Fg 195 = 6.53, P <

0.0001). Population size declined markedly through
time in higher resource concentrations. E. coli hetero-
zygosity increased over time (Figure 1), and to a much
higher degree in higher resource concentrations (day X
concentration: Fy4 195 = 5.73, P < 0.0001). This strong
and consistent response is only the second such mono-
tonic diversification-resource-concentration relation of
which we are aware (KASSEN et al. 2000). Number of
different phenotypes also showed this pattern, although
itis a less sensitive measure of changing phenotype fre-
quencies (data not shown). Day 10 heterozygosity was
strongly correlated with maximum population size (r=
0.74, P = 0.0002).

In the population size manipulation experiment, in-
creasing flask size and resource concentration both
caused increased population size and increased hetero-
zygosity (Figure 2). Our experimental manipulation of
total population size was successful in controlling day 1
(maximum) population size (Figure 3A). Resource con-
centration and culture flask size had independent and
additive positive effects on day 1 total population size
(Figure 3A) (general linear model coefficients: concen-
tration, bcone = 0.429, t1o = 3.26, P= 0.0068; size, bs;,. =
1.047, o = 7.96, P < 0.0001; concentration X size
interaction, bcxs = —0.266, t1o = 1.43, P = 0.1789).
Resource concentration and culture flask size also had
independent and additive positive effects on day 10 E.
coliheterozygosity (Figure 3B) (model coefficients: con-
centration, bcone = 0.314, t1o = 4.05, P = 0.0016; size,
bsize = 0.426, t1o = 5.50, P = 0.0001; concentration X
size, bexs = —0.140, o = 1.27, P= 0.2266).

DISCUSSION

These experiments provide novel and fundamental
contributions to our understanding of biodiversity gra-
dients. Specifically, they reveal simultaneously (i) that
diversification rate can increase along a resource gradi-
ent in an unstructured environment, and (ii) an expla-
nation for the observed pattern—variation in maximum
population size. Our first experiment demonstrates that
higher resource concentration can lead to higher diver-
sification in a thoroughly mixed, unstructured environ-
ment. This confirms expectations of both neutral theory
and adaptive speciation. This is the second such experi-
mental demonstration in a well-mixed enviornment of
which we are aware (Figure 4a in KASSEN et al. 2000) and
provides important unambiguous confirmation of this
result in a different model system, over a longer time
period. This is important because the role of spatial
heterogeneity in generating biodiversity patterns has a
long and distinguished history (HEDRICK et al. 1976;
TrLMAN 1982; HEDRICK 1986), and many hypotheses for
natural diversity patterns rely on a significant role of
spatial heterogeneity. Demonstrating the existence of
diversity patterns in the absence of spatial heterogeneity
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Frcure 1.—Time series of each replicate culture (line equals replicate) in the resource gradient experiment. Dilution of LB
medium is indicated at the top. (A) Maximum (day 1) population size (CFUs per tube) increases significantly with increasing
resource concentration. Over time population sizes tend to become similar among resource concentrations. (B) Heterozygosity
tends to increase over time and does so more rapidly with higher resource concentrations.

may provide clues about natural patterns. Most impor-
tantly, our second experiment demonstrates that greater
total population size contributes to the increased hetero-
zygosity associated with higher resource concentrations.
This is, to our knowledge, the first study demonstrating
a mechanism (increased population size) underlying
such a pattern of diversification along a resource con-
centration gradient.

Increased population size can enhance heterozygos-
ity in several ways, and yet this flies in the face of
conventional wisdom of laboratory microbial popula-
tions. Sweeps by mutants with higher fitness are often
the expectation in such populations. In contrast, our
results are consistent with expectations with several

other mechanisms, including neutral mutation. In ad-
dition, clonal interference (GERRISH and LENSKI 1998),
mutator phenotypes (TENAILLON et al. 1999), and di-
vergent selection (DIECKMANN and DOEBELI 1999) may
all contribute to increased heterozygosity of larger pop-
ulations in unstructured environments. This increased
heterozygosity arose in spite of mechanisms that have
the potential to reduce heterozygosity in large popula-
tions, such as increased hitchhiking (GILLEsPIE 2001)
and more rapid adaptive evolution that could result
in more rapid sweeps. Future research must partition
the relative importance of these mechanisms in un-
structured environments. Regardless, however, of the de-
tails of these processes, population size does not explain
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FiGure 2.—Time series of each replicate culture (line equals replicate) in the population size experiment. LB concentration

L

(low, 15X; high, 1X) and relative flask size (small, large, see text) are shown at the top. (A) Maximum (day 1) population size
(CFUs per tube) increases with both flask size and resource concentration. Relative flask size has a large and persistent effect
on population size. (B) Heterozygosity tends to increase over time and does so more rapidly in larger flasks and in higher resource

concentrations.

all of the increased heterozygosity at higher resource
concentrations.

Higher resource concentration alone, independent
of its effect on initial population size, caused higher
heterozygosity, and several processes might contribute
to this. First, populations in higher resource concen-
trations may have higher mutation rates for at least two
reasons aside from the effect of population size. Higher
resource concentrations may cause more rapid turnover
of individuals within populations thereby increasing the
number of mutants appearing in a culture per unit time.
Higher resource concentrations may also, through a
variety of mechanisms, result in a higher concentration
of free radicals (e.g., O,, 'OH) that may increase DNA

damage and mutation rates (FINKEL 2003; NEMOTO and
FINkEL 2004).

In addition to its effects on mutation rates, high re-
source concentrations may enhance the maintenance
of heterozygosity in at least three ways. First, increased
population size increases the absolute abundance of
the rarest types, decreasing the probability of stochas-
tic extinction (ABRAMS 1995). For this to be significant,
however, there would need to be a mechanism for these
types to increase in frequency enough to be observed
in our samples. Second, increased resources may in-
crease the abundance of rare resources or resource
combinations used by rare phenotypes and allow these
specialists to increase in frequency (ABrams 1995).
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Third, it has long been suggested that even with no
change in the relative abundance or ratios of resources,
increased concentration of all resources favors special-
ization (MACARTHUR and Pianka 1966; DIECKMANN
and DoEBELI 1999). This specialization would permit a
greater variety of mutants to persist on the same variety
(but greater concentration) of resources. This adap-
tive diversification associated with narrowing of niche
breadth is most likely to occur if there are not other
costs associated with this change (ACKERMANN and
DokBeLr 2004). This seems quite plausible in this
system with a moderately complex medium (LB broth)
and in which we altered resource concentration with-

out changing the initial relative concentrations of any
of the substrates.

Recent work on adaptive diversification in both asex-
ual and sexually reproducing populations has demon-
strated clearly the plausibility of sympatric diversification
(DoEBELI et al. 2005). These advances suggest that the
work presented here, using a clonally reproducing or-
ganism in a highly simplified unstructured laboratory
environment has implications for not only bacteria, but
for sexually reproducing, charismatic megafauna and
flora.

The population size mechanism we describe here may
have implications for the latitudinal gradient of taxo-
nomic richness (WILLIG et al. 2003). If this mechanism
applies generally, then regions or habitats with larger
numbers of individuals will contain more species (or
genera or genotypes) by virtue of having more individ-
uals. Such areas may have more individuals by virtue of
greater area alone or by virtue of higher population
densities. The tropics, defined by climate, have a larger
land surface (ROSENZWEIG 1992) and therefore may
have more individuals than any other similarly uniform
terrestrial habitat. Our population size hypothesis would
therefore predict, all else being equal, higher diversity.
Further, as climate periodically causes bottlenecks at
higher latitudes, this would dramatically lower the ef-
fective population sizes at high latitudes, reducing the
potential for diversification ( JABLONSKI et al. 2006).

The population size mechanism could also have
implications for patterns of diversity along other gra-
dients. A unimodal pattern of diversity along produc-
tivity gradients might arise, for instance, if such habitats
contain more individuals by virtue of greater area
(VANDERMEULEN ef al. 2001). It might also contribute
to a mid-domain effect (RANGEL and DiN1z-F1iLHO 2005)
in which diversity peaks at the midpoint of any region
with physical geographic constraints. Dispersal limita-
tion due to physical boundaries might limit effective
population size, so that effective population size would
be lower near boundaries. The population size hypoth-
esis would predict lower rates of diversification near
these boundaries.

The above list of plausible implications suffers from a
paradoxical chicken-and-egg problem: if larger popula-
tions exhibit more rapid diversification, this will reduce
the size of the derived populations through lineage
splitting. The resulting smaller populations would have
correspondingly slower rates of diversification. This
possible slowing of diversification, however, could well
be offset by increased diversification stemming from
greater diversity itself (EMERsON and KoLm 2005). This
might lead us to speculate that life seems destined for
diversity: large populations diverge because they are
large, and the resulting divergent groups further di-
versify because of their differences.

This work examines the processes of diversification
and its subsequent maintenance over many generations,
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with implications for extant patterns on the globe.
Extant patterns of diversity, however, reflect not only
patterns of both diversification and its in situ mainte-
nance, but also community assembly and species sort-
ing following dispersal of allopatrically derived forms.
Nonetheless, the implications of our results for com-
munity assembly seem clear: we can hypothesize that
if particular conditions maintain a greater variety of
sympatrically derived phenotypes, as we have shown,
then it seems plausible that a greater variety of allopat-
rically derived phenotypes can be maintained following
dispersal-mediated assembly. Whether this is generally
the case, however, is untested.

It seems difficult to reconcile the arguably small
differences in population size observed in the “real”
world with the amazing differences in diversity between
some contrasting regions of the planet. Other factors,
such as temperature, may be more important than
resource availability. Nonetheless, we might consider
that speciation is an exponential (albeit slow) process
(EmERsON and KoLMm 2005), because a greater variety of
genotypes results in a wider base from which to diverge.
Therefore, small differences in diversification rates may
result, over time, in large differences in diversity.
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