Are microbes colimited by multiple resources?
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Resource colimitation — the dependence of growth on multiple resources simultaneously — has
become an important topic in microbiology due both to the development of systems approaches to
cell physiology and ecology, and to the relevance of colimitation to environmental science, biotechnol-
ogy, and human health. Empirical tests of colimitation in microbes suggest that it may be common
in nature. However, recent theoretical and empirical work has demonstrated the need for systematic
measurements across resource conditions, in contrast to the factorial supplementation experiments
used in most previous studies. The mechanistic causes of colimitation remain unclear in most cases
and are an important challenge for future work, but we identify the alignment of resource con-
sumption with the environment, interactions between resources, and biological and environmental
heterogeneity as major factors. On the other hand, the consequences of colimitation are widespread
for microbial physiology and ecology, especially the prediction and control of microbial growth.
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WHAT IS COLIMITATION?

The growth of microbes, like all living things, depends
on the availability of resources in the environment, along
with various non-resource factors such as predators, tox-
ins, or inhibitors [I]. These resources include macronu-
trients (e.g., sources of carbon and nitrogen), micronu-
trients (e.g., metals), complex nutrients (e.g., vitamins,
amino acids, or prey), as well as non-chemical resources
such as light and space. Some of these resources are
essential — their consumption is required for growth —
while others are non-essential, such as an amino acid that
a cell can synthesize but will also consume if present
in the environment. The dependence of growth on re-
source availability is known as resource limitation [2] and
is a fundamental concept across biological systems, owing
to its conceptual and practical consequences (addressed
later in this article).

Although microbes require multiple resources to grow,
many studies have assumed the dependence of growth
on resources follows a principle called the Law of the
Minimum (attributed to Justus von Liebig in the con-
text of agricultural yields [3]), which states that only a
single resource at a time can limit growth. (The “min-
imum” in the law is due to the corollary that the re-
alized growth is the minimum potential growth allowed
by any one resource; see Box 1 for mathematical mod-
els of this assumption.) The Law of the Minimum is
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explicitly or implicitly assumed in a large body of classi-
cal ecological models, including resource-ratio theory [4].
However, the Law of the Minimum is violated if the
availabilities of multiple resources simultaneously affect
growth, a scenario known as resource colimitation. While
this phenomenon has long been considered in the con-
text of microbes and other organisms, the renaissance
of microbial physiology and ecology over the last decade
has brought new relevance to the topic. In particular,
the development of these fields has raised new questions
about whether resource colimitation actually occurs in
microbes, and if so, what are its causes and consequences.
Since the conceptual foundation of colimitation, espe-
cially the plethora of associated terminology, has often
been a source of confusion in previous literature, we sum-
marize its most important elements here (see also previ-
ous syntheses [5H7]). In particular, Fig. shows a map of
key concepts (green) related to colimitation, along with
its potential causes (blue) and consequences (red) as dis-
cussed in this article’s following sections.

The first key aspect of resource colimitation is the
choice of biological scale (single cell, clonal population,
species, multispecies community, or whole ecosystem)
at which we are considering growth in response to re-
sources [7]. Colimitation can differ across these scales,
for example, when the limitation of a whole population
does not match the limitation of each constituent cell [§].
The second key aspect of colimitation is the growth trait
which is affected by the resources. The two most common
growth traits for studying limitation are the growth rate
and the growth yield (sometimes known as kinetic limi-
tation and stoichiometric limitation [5]). Resources may
limit rate and yield differently; analogously, a car’s speed
(cf. growth rate) is typically limited by air intake or
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drag, while its range (cf. growth yield) is limited by fuel
or battery. While yield limitation is often emphasized
over rate limitation [9], especially in field studies owing
to the ease of measuring total biomass over biomass rate
of change [10], these concepts are important in different
contexts. For example, rate limitation is likely more im-
portant to evolution since growth rate is generally under
positive selection, whereas growth yield is only selected
when there is spatial structure or another mechanism to
privatize resources [II]. On the other hand, yield lim-
itation may be more relevant to biogeochemical cycles,
when tracking the overall stocks and flows of elements
on Earth.

The third key aspect of resource colimitation is the
relationship between the resources, which can be inde-
pendently consumed (variously referred to in the liter-
ature as type I, heterologous, non-interactive, comple-
mentary, or essential resources [BH7]; e.g., a source of
carbon and a source of nitrogen); substitutable, meaning
the resources are consumed interchangeably (also known
as type II, homologous, or mixed resources [0} [6]; e.g.,
two sources of carbon such as glucose and galactose);
biochemically-dependent, where the uptake or usage of
one resource depends on the other (also known as type
III resources [6]; e.g., a source of phosphorus and zinc);
or antagonistic, where one resource inhibits uptake or

Map of relationships between concepts, causes, and consequences of resource colimitation, as discussed

usage of the other [7]. These different relationships lead
to distinct possibilities for colimitation between the re-
sources. For example, two substitutable resources may
not be colimiting if a cell only activates a pathway for
one at a time.

Given a choice of biological scale, growth trait, and a
set of focal resources, how do we quantify colimitation?
Empirically, colimitation is usually measured by facto-
rial supplementation experiments, where each resource
is supplemented into the medium by itself and in com-
bination with another resource (Fig. 2h—d) [9 [12]. The
outcome of these experiments can be difficult to inter-
pret when the supplementations only test a single con-
centration of each resource on a single set of background
concentrations [7, I3]. Moreover, the limited quantita-
tive data resulting from these experiments means their
outcomes are usually interpreted qualitatively accord-
ing to some discrete, pre-defined categories (Fig. 7d,
e.g., single limitation, serial limitation, additive colimi-
tation, super-additive colimitation, etc.) [7,[9]. An alter-
native approach is to systematically scan the concentra-
tion of each resource over some range and quantitatively
measure the growth response (Fig. 7f) [6, [7, T3H21].
This allows one to test quantitative hypotheses in the
form of mathematical models (see Box 1); in particular,
this approach is necessary to rigorously reject the Law
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FIG. 2. Approaches to measuring colimitation. Schematics of factorial supplementation experiments for measuring
colimitation, where two resources are added separately (+R1, +R2) and together (+R1+R2) to test their effects on a growth
trait (e.g., growth rate or growth yield): (a) single limitation (for resource 2 only), (b) serial limitation (initial limitation is
for resource 2 only, but upon adding resource 2 the limitation switches to resource 1), (c) additive colimitation (the growth
response of supplementing both resources is the sum of responses for each resource supplemented alone), (d) super-additive
colimitation (the growth response of supplementing both resources is greater than the sum of responses for each resource
supplemented alone). Other scenarios such as sub-additive colimitation and antagonistic resources are possible [7] but are not
realized by most common models (Box 1). Factorial supplementation experiments that test only single concentrations of each
resource on a single background condition can be difficult to interpret. Instead, one must measure the growth response across
a systematic scan of resource concentrations: for example, (e) a resource scan where growth obeys the Law of the Minimum
(Box 1, Eq. and (f) a resource scan where growth can be colimited (Box 1, Eq. . The arrows in panels (e,f) represent
factorial supplementation experiments starting on different background resource concentrations, and thus correspond to the
different qualitative scenarios in (a—d).

of the Minimum hypothesis and resolve true colimita-
tion compared to serial limitation. Furthermore, these
systematic resource scans motivate thinking of resource
(co)limitation as a quantitative, rather than binary (e.g.,
limiting or not), property of resources in a biological sys-

tem [13] 22].

sults from 71 previously-published tests for colimitation
in a variety of ecosystems spanning marine, freshwater,
brackish, and terrestrial habitats (Table S1). We sum-
marize these results in Fig. [3] breaking them down by
habitat (Fig. [3a), growth trait (rate or yield; Fig. ,
inset), and resource (Fig. [Bp). Altogether 55% of these
tests claim to find evidence for colimitation; considering
that a meta-analysis performed in 2011 found evidence

ARE MICROBES COLIMITED IN NATURAL
ENVIRONMENTS?

While there has been evidence of colimitation of micro-
bial growth in laboratory environments for many years
now [13| [I5 18, 20, 27], there is also growing evidence
that microbes experience resource colimitation across
many natural habitats as well. We have compiled re-

for colimitation in only 28% of its studies [9], this suggests
that colimitation is becoming more commonly observed
as the evidence grows. Futhermore, there is reason to
believe that the actual proportion of colimited systems
is even higher, given that colimitation is tricky to access
experimentally because of the need to sample the correct
elemental ratios and absolute concentrations [13], as well
as the possibility of environmental patchiness in space or



Box 1: Mathematical models of growth dependence on multiple resources. Quantitative studies of colimitation
require mathematical models of how growth traits (usually growth rate or growth yield) depend on the concentrations of
resources in the environment. The most well-known model of how growth rate g depends on a resource concentration R is the
Monod model:

R
R+ K’ e
where gmax is the maximum growth rate when the resource is unlimited and K is the half-saturation concentration [2, 23].
Other models of this dependence (e.g., Droop [24], Blackman [25], Bertalanffy [16], and Hill models [26]) have been studied
in some systems but are less common. Although the Monod model is generally taken to be a phenomenological description of
growth, it can be rationalized in terms of Michaelis-Menten kinetics of resource uptake and metabolism [I5} [I8].

9(R) = gmax

Studying colimitation requires generalizing the Monod model to multiple resources. The Law of the Minimum, in which only
one resource at a time can limit growth, is usually implemented mathematically by assuming the realized growth rate is the
minimum of potential (Monod-dependent) growth rates for each resource (Fig. ) [6l [7, 151 16} [18]:

A ) @)
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In contrast, alternative models such as the “additive model” [I5] allow the growth rate to depend on multiple resources
simultaneously (and hence describe colimitation; see Fig. ):

g(R1, R2) = gmax min <

- : 3)
_gmaX1+K1/R1 + K2/Ry’

Other models of rate colimitation include the multiplicative Monod model [6], [7), [16], the Poisson arrival time model [I5] [16]
(also known as the synthesizing-unit model [I8]), and the Mankad and Bungay model [26] [27]. These models all aim to describe
independent essential resources; other models exist for substitutable, chemically-dependent, or antagonistic resources [6} [7].
There is little empirical data to test this dependence in microbes, primarily due to the need to measure growth rate at low cell
densities [23], but that which exists generally refutes the Law of the Minimum model (Eq. [2) in favor of colimitation [I3] 15}
16} [18], [20]. However, it has so far been difficult to distinguish among the different colimitation models using empirical data,
given the mathematical similarity of the models and large uncertainties in the measurements. In any case, it is unclear whether
these colimitation models differ in any meaningful biological sense. While the precise extent of colimitation varies across models
(for example, the multiplicative model predicts significant colimitation over a wider range of resource concentrations than does
the Poisson arrival time model [I3]), the population dynamics resulting from these models appear to be qualitatively similar
(but see Poggiale et al. [24] for a counterexample). In fact, recent work has suggested that these models are simply different
mathematical approximations of the same underlying process [18].

g(Ri, R2)

It is also possible to model the dependence of growth yield on resource concentrations. Note that unlike growth rate, growth
yield depends on the total amount of a resource supplied to the biomass, rather than the concentration of the resource at a
single instant in time. The simplest model of this dependence is to assume a fixed stoichiometry of biomass to the resource,
such that the total yield y (biomass concentration) is proportional to the supplied resource concentration R [2] 21]:

y(R) =sR, (4)

where s is the stoichiometry of biomass to resource. Thus, the Law of the Minimum for yield would dictate that the total yield
depends on whichever resource has the minimum potential yield [I3]:

y(Rl,Rz) = min (S1R1,52R2) . (5)

As with Eq. [2] for growth rate, the Law of the Minimum for growth yield (Eq. [5) has no colimitation by construction. Since
most experiments testing yield colimitation only test a single concentration of each resource rather than scanning a range
of concentrations [9], these analyses can categorize yield dependence into qualitative classes (e.g., single limitation, serial
limitation, additive colimitation, super-additive colimitation, etc.; see Fig. 7d) but cannot test quantitative models [7]. As a
result there are no widely-used quantitative models for yield that describe colimitation (but see a recent model for substitutable
resources [21]). It is possible to derive models based on specific mechanisms (e.g., dynamic stoichiometry) but these contain too
many parameters to reliably fit to data [13]. Recent work has instead proposed a phenomenological model for this dependence
based on the power mean of each resource’s potential yield [I3]:

y(R1,R2) = ((s1R1)" + (s2R2)")"/7, (6)

where ¢ < 0 is a parameter that tunes the degree of colimitation (¢ — —oo recovers the Eq. |5| Law of the Minimum with no
colimitation). However, future work will need to establish the connection (if any) between such low-dimensional phenomeno-
logical models and specific mechanisms.




time [28§].

The existing literature has generated a good apprecia-
tion for colimitation in nature, but there are gaps in the
current evidence. These studies invariably study colim-
itation at the ecosystem scale since they test growth of
natural samples (e.g., seawater). Thus, there is little to
no information about colimitation at smaller biological
scales (single cells, clones, species) in natural environ-
ments; laboratory experiments may be able to fill this
gap [13] [15] [16] 18], 20], but they will require careful de-
sign to give any insights into natural environments. Both
rate and yield colimitation have been tested in marine
systems (Fig. , inset), with rate colimitation having a
somewhat higher frequency of detection than yield colim-
itation has. However, measurements of yield colimitation
dominate other habitats (Table S1), leaving it unknown
what level of rate colimitation exists in those environ-
ments. Additionally, most experiments looking at rate
colimitation measure growth rate only from an initial and
final time point after incubation with the supplemented
resources, so the actual growth dynamics are usually un-
known and the measured rates are likely lower bounds.
Furthermore, all of this evidence relies on factorial sup-
plementation experiments (cf. Fig. fd) rather than sys-
tematic scans of resource concentrations (cf. Fig. [2k.f),
which constrains their ability to definitively resolve dif-
ferent colimitation scenarios 7] [13].

In terms of resources, most tests of colimitation
in natural environments focus on independent or
biochemically-dependent resources. We note that while
it is common in these studies to speak of (co)limitation
for individual elements such as nitrogen, limitation could
differ between particular molecular forms of that element
(e.g., ammonium versus nitrate), so it is more precise to
speak of limitation for those specific forms of the element
rather than an element alone. In the case of autotrophs,
the molecular form of most elemental resources is usu-
ally assumed, but this point is critical in heterotrophs,
which often consume complex molecules containing mul-
tiple elemental resources (e.g., amino acids containing
both carbon and nitrogen).

The largest body of experiments testing for resource
limitation is from the aquatic sciences (marine and fresh-
water), perhaps due to the relative ease of performing re-
source supplementation experiments in liquid ecosystems
compared to terrestrial or animal microbiomes (Fig. )
Of all systems, surface ocean phytoplankton communi-
ties are the most well-represented in the literature. Ni-
trogen, iron, phosphorus, cobalt/vitamin B12, and man-
ganese have been claimed to be colimited for these com-
munities (Fig. [3p); nitrogen and phosphorus are the
most tested and identified colimiting resource pair, fol-
lowed by nitrogen and iron (Fig. [3b, inset). Among
non-chemical resources, light has also been found to col-
imit phytoplankton growth [29]. Colimitation in marine
non-primary producers, such as heterotrophic bacteria or
zooplankton, is not well-characterized yet, though a few
examples exist, such as nitrogen and phosphorus colim-

itation of bacterial respiration [30]. There are also few
tests of resource colimitation on ocean coasts, though
there are some examples at the poles, where experiments
have been conducted on microbial communities at the sea
ice edge [31].

In freshwater systems such as lakes, resource colimita-
tion has primarily been tested for nitrogen and phospho-
rus (although iron and light are also popular considera-
tions [32]). One hypothesis is that nitrogen fixation al-
leviates nitrogen limitation, driving systems to phospho-
rus limitation, but that organisms can “overshoot” phos-
phorus limitation by growth and become limited again
by nitrogen or another resource; this is an extension of
the so-called Phosphorous Limitation Paradigm [33]. In
these systems there are consistent super-additive effects
of supplementing multiple resources compared to single
resources; this effect commonly occurs across the spec-
trum of nitrogen-to-phosphorus availability, suggesting
an intrinsic biological as opposed to extrinsic chemical
mechanism [34]. Like in the oceans, the focus in fresh-
water habitats is on primary producers, though there are
examples in freshwater bacteria (e.g., carbon versus phos-
phorus colimitation [35]). In the freshwater literature,
the focus on elemental ratios makes it sometimes difficult
to resolve serial limitation versus simultaneous colimita-
tion, because the absolute concentrations of the resource
additions also play a role in the experimental outcomes
(Fig. . In spite of this, it is common to see complex re-
sponses to the addition of multiple resources that cannot
be explained through serial limitations alone [34].

Similar to freshwater microbes, terrestrial (soil) mi-
crobes exhibit diverse and complex responses to the ad-
dition of multiple resources. Resource supplementation
experiments in soils require considerable effort, limiting
the examples in the literature. Among the available ex-
amples, heterotophic soil bacteria have repeatedly been
claimed to have colimitation for nitrogen and phospho-
rus [36], [37] as well as potentially carbon [38]. Interest-
ingly, resource colimitation has been associated with re-
duced biodiversity of soil bacteria communities [3§].

At this time, there is limited information about
colimitation in other microbial ecosystems, although
there are isolated examples in animal microbiomes [39)],
streams [32, [40], groundwater bacteria [41], wastewater
sludge [42], and specialized habitats such as hypersaline
lakes [43]. This may be because of the difficulty in ex-
perimentally assessing even a single resource limitation
in these systems. However, the commonality of colimi-
tation responses in experiments indicates that wherever
scientists start to look for colimitation, they are likely to
find it.

Lastly, when considering natural communities, it
should not be forgotten that other factors besides re-
source availability can limit growth. Examples of non-
resource, “top down” controls include the presence of
predators, grazers, and phages; the role of the immune
system for animal microbiome communities; and toxins
produced by members of the microbial community. In na-
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FIG. 3. Evidence in the literature for resource colimitation of microbes in nature. (a) Number of studies that

tested for colimitation (clear bars) and claimed evidence of colimitation (hashed bars), broken down by habitat. PP = primary
production, perip = periphyton, het = heterotrophs, bact = bacteria, comm = community. The inset shows the number of
marine systems measured for growth rate limitation versus those measured for growth yield limitation. (b) Same as (a) but
broken down by tested resource instead of habitat. The inset shows specific combinations of resources that have been claimed

to be colimiting.

ture, these controls will be layered on the “bottom up”
control of resource limitation, leading to the possibility
of resource-predator colimitation [44].

WHAT ARE THE CAUSES OF COLIMITATION?

In general, colimitation occurs when biological re-
source consumption aligns with environmental resource
availability (Fig. , but the important question is what
specific mechanisms create such an alignment. At the
cellular scale, interactions between resources are one of
the principal ways that biological need and environmen-
tal supply can be aligned. For growth yield, mecha-
nisms leading to resource interactions include dynamic
stoichiometry in response to external resource availabil-
ity [45] — which is sometimes linked to the ability to
form storage compounds [5, 46] — and in other cases
growth-dependent proteome allocation [47H49], situa-
tions in which growth stops at nonzero resource concen-
trations that depend on each other (i.e., when R* is dy-
namically set) [50], and changes in maintenance resource
consumption [51].

Colimitation of growth rate is likely to involve differ-
ent types of interactions. Metabolic bottlenecks have
been the main interaction underlying models of growth
rate colimitation [I8], but physiological tradeoffs are also

an important possibility. These tradeoffs imply a con-
straint on resource uptake and utilization causing re-
source interactions. This could take the form of limited
space for membrane transporters [25] [52H54], the need
to devote energy or resources to resource uptake and
utilization [51]), prioritization of growth over productiv-
ity /carbon fixation [45], and noncompetitive inhibition
of growth under one resource by another resource [49].
There is evidence for all of these processes, but whether
we should understand them as true tradeoffs leading to
colimitation is not yet clear, because in general mech-
anisms of cell growth and biomass production are not
well characterized. Indeed, most knowledge about mech-
anisms of colimitation have been generated through mod-
eling insights as opposed to direct experimentation, and
that literature tends to be focused on autotrophic organ-

isms [9].

At the scale of populations or ecosystems, heterogene-
ity across biological units may cause alignment of en-
vironmental supply and biological need, leading to col-
imitation for either growth rate or growth yield. In
mixed microbial communities, colimitation is predicted
by foundational ecological theory such as the resource
competition model, wherein different organisms have dif-
ferent resource needs and responses, allowing them to
specialize and draw down multiple resources simultane-
ously [8, B35, 56]. More direct linkages are also possi-



ble, such as a division of labor when a resource must
be processed by an organism that is limited by another
independent resource [57]. Even clonal populations of
microbes can be heterogeneous, leading to the possibility
that individual cells have different elemental stoichiome-
tries or resource preferences, such as when a subpopu-
lation can produce storage molecules [58] or when there
is stochastic resource consumption. At this time, most
mechanistic studies of resource colimitation are focused
on mixed microbial communities, and there is a need to
study this phenomenon in clonal populations and in indi-
vidual cells. In reality, the mechanisms of population and
community colimitation are most likely layered on the
biochemical /physiological mechanisms within individual
cells.

Biological heterogeneity can be caused or exacerbated
by patchiness in resource availability in the environment,
such as when resources are available in high concentra-
tions in localized areas. This can occur on the large
scale due to linked biogeochemical cycles, such as the
difference between a rainy or dry season [59], episodic
events as in an animal microbiome after a meal [60],
or at the microscale, such as a gradient of organic mat-
ter around a marine snow particle [6I]. Relatedly, con-
ditional bioavailability of resources has also been pro-
posed, such as when trace metal bioavailability is altered
by metal-ligand interactions, which are produced biologi-
cally, leading to patchiness and interdependencies among
resource and organism distributions [6].

Lastly, the relationship between microbes and resource
availability is driven by evolution, especially over long
time scales. Since selection will be strongest on traits
for the most rate-limiting resource (by definition), the
evolutionary steady state of this process would be for all
resources to have similar levels of limitation [62], which
is a state of rate colimitation. Selection for different lim-
itation traits in different spatial niches may also be a
cause of genetic heterogeneity and division of labor. How-
ever, the effects of mutation supply (e.g., whether spon-
taneous mutations tend to reduce limitation for multiple
resources simultaneously or induce tradeoffs) and other
population genetic forces (such as horizontal gene trans-
fer) remain less clear. These arguments hold mainly for
growth rate colimitation, since limitation for growth rate,
unlike growth yield, is always expected to be under selec-
tion. Indeed, this may explain why we observe somewhat
fewer instances of yield colimitation than we do for rate
colimitation (Fig. , inset). These processes are related
to the coevolution of life and the environment [63] 64],
likely underpin observed relationships between resource
ratios in the environment and in biomass (such as the
marine Redfield ratio), and form the basis of the fields of
biogeochemistry and ecological stoichiometry.

WHAT ARE THE CONSEQUENCES OF
COLIMITATION?

Both rate and yield colimitation can have a variety of
consequences across biological scales (Fig. [[). For indi-
vidual cells, colimitation (where multiple resources also
have high absolute levels of limitation) entails greater
sensitivity to environmental fluctuations, since the cel-
lular growth rate or yield depends on multiple resources
rather than just one. Growth is also less efficient under
colimitation conditions, in the sense that growth rate or
yield is lower than would be expected from extrapolating
single limitation conditions (Box 1) [13] [16]. Colimita-
tion may change cell morphology; for example, smaller
cells with increased surface area-to-volume ratios have
been a hypothesized response to colimitation [45] [65].
Finally, colimitation may also engender distinct molecu-
lar phenotypes, such as the transcriptome or proteome,
although this remains to demonstrated. On one hand,
the growth law hypothesis posits that cell physiology is
largely dictated by growth rate, regardless of the spe-
cific (co)limitation condition [47]. However, other stud-
ies have shown that different limitation conditions can
indeed elicit resource-specific responses to cell physiol-
ogy [48][66, 67], although physiology may eventually con-
verge across conditions after genetic adaptation [68]. If
the cellular phenotypes of colimitation are in fact distinct
from single limitation phenotypes, we could use those
differences to define biomarkers of colimitation that we
can test for in natural samples without performing (often
difficult) explicit growth measurements [I0]. This would
also suggest that laboratory experiments, which usually
involve artificial conditions of single limitation, may give
us an unrealistic pictures of cell physiology in nature, if
in fact microbes are often colimited in nature.

At the scale of a microbial population, knowing
whether it is colimited is important for predicting and
controlling its growth. For example, if we want to pro-
mote the growth of a commensal species, colimitation
would mean that we must supplement all of the colimit-
ing resources simultaneously. On the other hand, colim-
itation of a pathogen or invasive species could simplify
growth inhibition since we must only remove one of the
colimiting resources. Colimitation at the scale of popu-
lations and communities also can affect their susceptibil-
ity to invasions: a population should be more suscepti-
ble to invasion if it is colimited for growth rate, as that
creates two niches that can be exploited by an invader
(e.g., the invader can grow faster by being less limiting
for either resource) rather than just one. This may en-
able rate-colimited populations to evolve more rapidly
and generate greater biodiversity. Colimitation among
substitutable resources implies balanced resource concen-
trations [I3], which also promotes biodiversity since the
concentration of each substitutable resource supports a
commensurate abundance of a separate species according
to the competitive exclusion principle [55 [69].

At the scale of the global ecosystem, colimitation



presents a potential challenge to predicting microbial
contributions to biogeochemical cycles [18], both in
terms of standing stocks (e.g., concentration of microbial
biomass and how much carbon is bound up in micro-
bial biomass) and fluxes (contributions of microbial en-
zymes to processes such as organic matter degradation,
nitrogen fixation, and remineralization). The picture is
further complicated by the knowledge that resource col-
imitation can alter the adaptive trajectories of common
marine cyanobacteria [65]. It remains to be seen whether
accounting for microbial colimitation in biogeochemical
models changes the elemental composition of environ-
ments [12]. For example, does colimitation of nitrogen
and phosphorus in phytoplankton lead to significant dif-
ferences in net primary production compared to single
limitation for nitrogen? Will colimitation alter the evo-
lutionary trajectories of microbes and the biogeochemical
processes they mediate? Determining the role of colimi-
tation in biogeochemical cycles is especially critical given
the importance of predicting how those cycles will change
with the climate and other anthropogenic influences.

WHAT ARE THE PRIORITIES FOR FUTURE
COLIMITATION RESEARCH?

While recent years have generated progress in under-
standing the concept of colimitation [7, 13, 18] (Figs.
and [2) and its empirical basis [0, 12, 13, 16, 19, 20]
(Fig. [3), several major challenges remain to establish its
role in microbial physiology and ecology. First, we need
to test possible causes of colimitation at the molecular
and cellular scale (Fig. [I) for a range of microbes and
resources to establish whether these causes are generic
or idiosyncratic to specific systems. If a mechanism is
in fact common to many systems, then we can use that
mechanism to identify biomarkers for measuring colim-
itation in natural samples, without performing explicit
but laborious growth measurements. However, if such

biomarkers are not possible, then our priority should be
to collect more data on the growth response of natural
samples over systematic scans of resource concentrations
(Fig. 7f), rather than traditional factorial supplemen-
tation (Fig.[2h—d). In practice, we may need to prioritize
testing more conditions over replicates if we hope to eval-
uate quantitative (Box 1) rather than qualitative models
(Figs. fd and . These studies may require simulat-
ing natural environments in the laboratory rather than
relying solely on natural samples, which would also have
the advantage of enabling us to probe colimitation at the
scale of single cells, clones, and species, rather than just
whole communities. Finally, we must test the effect of mi-
crobial colimitation on microbe-mediated processes, such
as biogeochemical cycles for global nutrient cycling [18§]
and the functions of animal microbiomes. These results
would determine whether colimitation is simply a fasci-
nating aspect of microbiology or a critical driver of mi-
crobial activity in environmental science, biotechnology,
and human health.
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