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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, biotechnology, 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
consumption 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, motivating continued consideration of this state in
microbiology.
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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 nonresource factors such as predators,
toxins, or inhibitors [1]. Resources include macro-
nutrients (e.g. sources of carbon, nitrogen, and phos-
phorus), micronutrients (e.g. trace metals), complex
nutrients (e.g. vitamins, amino acids, or prey), as well as
nonchemical resources such as light and space. Some of
these resources are essential — their consumption is
required for growth — while others are nonessential,
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2 Microbial Systems and Synthetic Biology

such as an amino acid that a cell will consume if present
in the environment but that it can also synthesize. The
dependence of growth on resource 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 context
of agricultural yields [3]), which states that only a single
resource at a time can limit growth. (The ‘minimum’ in
the law is due to the corollary that the realized growth is
the minimum potential growth allowed by any one re-
source; see Box 1 for mathematical models of this as-
sumption.) The Law of the Minimum is explicitly or
implicitly assumed in a large body of classical ecological
models, including resource-ratio theory [4].

Box 1: 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 per-capita growth rate g (e.g. per
hour) depends on a resource concentration R (e.g. in mM or g/ml) is
the Monod model:

S
TEm R LK (1)

where g, .. is the maximum growth rate when the resource is
unlimited and K is the half-saturation concentration [2,25]. The
maximum growth rate g, .. typically depends on the identity of the
focal resource (e.g. growth will be faster for a saturating amount of
glucose than for a saturating amount of mannose [26,27]), and both
Zmax and K for the focal resource depend on all other media
conditions as well. Other models of this dependence (e.g. Droop [28],
Blackman [29], Bertalanffy [19], and Hill models [30]) 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 [9,21].
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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 implemented mathematically
by assuming the realized growth rate is the minimum of potential
(Monod-dependent) growth rates for each resource (Figure 2e)
[9,6,19,7,21]:

2Ry, Ry) = g min( H R )

R+ K R +K,

(2)

In contrast, alternative models such as the ‘additive model’ [9] (not to
be confused with the colimitation scenario in which resources have
additive effects on a growth trait, as shown in Figure 2c) allow the
growth rate to depend on multiple resources simultaneously (and
hence describe colimitation; see Figure 2f):

1
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Many of these models, including Equations (2) and (3) as well as
other common models such as the multiplicative Monod model
[6,19,7,31] and the Poisson arrival time model [9,19] (also known as

the synthesizing-unit model [21,32]), can be derived at least
heuristically from some underlying mechanism of resource uptake
and metabolism. Other models, such as the Mankad and Bungay
model [8,30] and the Hill model [17], serve only as phenomenological
descriptions of data. These models all aim to describe independent
essential resources; other models exist for substitutable, chemically
dependent, or antagonistic resources [6,7].

Fitting these models to empirical data requires growth rate
measurements across a wide range of resource concentrations,
ideally starting below the half-saturation concentrations K; and
extending into the regime where growth rate saturates.
Unfortunately, there are few such data sets, primarily due to the need
to measure growth rate at low cell densities [25], but those which
exist generally refute the Law of the Minimum model (Equation 2) in
favor of colimitation [9,19,21,23,17]. 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. For example, the population dynamics resulting from these
models appear to be qualitatively similar (but see Poggiale et al. [28]
for a counterexample), and recent work has suggested that these
models are simply different mathematical approximations of the
same underlying process [21,31].

It is also possible to model the dependence of growth yield on
resource concentrations. 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, e.g. in units of optical density or cells/ml) is
proportional to the supplied resource concentration R [2,24]:

P )

where s is the stoichiometry of biomass to resource (biomass
concentration per unit resource). Thus, the Law of the Minimum for
yield would dictate that the total yield depends on whichever
resource (among independent essential resources) has the minimum
potential yield [17]:

¥ (R, R;) = min (s5;Ry, 5;R;). 5)

As with Equation (2) for growth rate, the Law of the Minimum for
growth yield (Equation 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 [12], these analyses can categorize yield dependence
into qualitative classes (e.g. single limitation, serial limitation, additive
colimitation, super-additive colimitation, etc.; see Figure 2a—d) 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 [24]). 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 [17]. Recent work has instead proposed a phenomenological
model for this dependence based on the power mean of each
resource’s potential yield [17,33]:

YR, R) = (R + (:R)N), (6)

where g < 0 is a dimensionless parameter that tunes the degree of
colimitation (G — — o recovers the Equation (5) Law of the Minimum
with no colimitation). However, future work will need to establish the
connection (if any) between such low-dimensional phenomenological
models and specific mechanisms.
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Map of relationships between concepts, causes, and consequences of resource colimitation, as discussed in this article. Solid lines with arrows

indicate causal relationships (e.g. resource interactions cause colimitation), and dashed lines without arrows represent conceptual relationships (e.g

growth traits are a conceptual aspect of growth limitation)

However, the Law of the Minimum is violated if the
availabilities of multiple resources simultaneously affect
growth, a scenario known as resource colimitation [5-7].
While this phenomenon has long been considered in the
context of microbes and other organisms [8-10], the re-
naissance 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 ac-
tually occurs in microbes, and if so, what are its causes
and consequences. Understanding the consequences of
colimitation is important for evaluating whether the Law
of the Minimum is a useful, if not exactly true, model of
microbial growth, or if there are important aspects of
microbes that fundamentally depend on the existence of
colimitation. Since the conceptual foundation of coli-
mitation, especially the plethora of associated termi-
nology, has often been a source of confusion in previous
literature, we summarize its most important elements
here (see also previous syntheses [5-7]). In contrast to
previous reviews, this article aims to provide a unified
map (depicted schematically in Figure 1) 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. We also as-
semble an updated survey of evidence for colimitation

across habitats in the next section.

The first key aspect of resource colimitation is the choice
of biological scale (single cell, clonal population, species,
multispecies community, or whole ecosystem; Figure 1)
at which we are considering growth in response to re-
sources [7]. Colimitation can differ across these scales,
for example, when the limitation state of a whole po-
pulation does not match the limitation state of each
constituent cell [11]. The second key aspect of colimi-
tation is the growth trait affected by the resources
(Figure 1). The two most common growth traits for
studying limitation are the growth rate and the growth
vield (sometimes known as kinetic limitation and stoi-
chiometric limitation [5]). Resources can limit rate and
vield differently; analogously, a car’s speed (cf. growth
rate) is typically limited by air intake or drag, while its
range (cf. growth yield) is limited by fuel or battery.
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While yield limitation is often emphasized over rate
limitation [12], especially in field studies owing to the
feasibility of measuring total biomass compared with
measuring biomass rate of change [13], these concepts
are distinct and important in different contexts. For
example, rate limitation is likely more important to
evolution in well-mixed environments since fast growth
rate is generally selected in these systems, whereas ef-
ficient growth yield is selected when there is spatial
structure or another mechanism to privatize resources
[14]. Similarly, growth rate tends to be more closely
linked to aspects of microbial activity, particularly at
very low-resource concentrations, whereas growth yield
is more relevant to stocks of resources and depends more
strongly on resource stoichiometry.

The third key aspect of resource colimitation is the
relationship between the resources (Figure 1), which
can be independently consumed (variously referred to
in the literature as type I, heterologous, noninteractive,
complementary, or essential resources [5-7]; e.g. a
source of carbon and a source of nitrogen); sub-
stitutable, meaning the resources are consumed inter-
changeably (also known as type II, homologous, or
mixed resources [5,6]; 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 a source of zinc); or antag-
onistic, where one resource inhibits uptake or 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, as occurs under diauxic growth [15].

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 factorial
supplementation experiments, where each resource is
supplemented into the medium by itself and in combi-
nation with another resource (Figure 2a—d) [12,16]. 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 [7,17]. Moreover, the limited quantitative
data resulting from these experiments means their out-
comes are usually interpreted qualitatively according to
some predefined categories (Figure 2a—d, e.g. single
limitation, serial limitation, additive colimitation, super-
additive colimitation, etc.) [7,12]. An alternative ap-
proach is to systematically scan the concentration of each
resource over some range and quantitatively measure the
growth response (Figure 2e,f) [18,9,6,19,7,20-23,24,17].
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 of
the Minimum hypothesis and resolve true colimitation
compared with serial limitation. This is because, as
shown in Figure 2e,f, many different outcomes of fac-
torial supplementation experiments are possible even in
the same underlying model depending on the starting
conditions and supplemented concentrations [7]. Fur-
thermore, these systematic resource scans motivate
thinking of resource (co)limitation as a quantitative, ra-
ther than binary (e.g. limiting or not), property of re-
sources in a biological system [10,17].

Are microbes colimited in natural
environments?

While there has been evidence of microbial growth co-
limitation in laboratory environments for many years
now [8,9,21,23,17], an increasing number of recent stu-
dies have been reporting colimitation of microbes in
their natural habitats. We have compiled results from 71
previously published tests for colimitation in a variety of
ecosystems spanning marine, freshwater, brackish, and
terrestrial habitats (Table S1, drawn primarily from sur-
veys by Harpole et al. [12] and Browning and Moore
[16]). We summarize these results in Figure 3, breaking
them down by habitat (Figure 3a), growth trait (rate or
yield; Figure 3a, inset), and resource (Figure 3b). Alto-
gether 46% of these tests claim to find evidence for co-
limitation, compared with the 28% of studies in a 2011
meta-analysis that found evidence for colimitation [12].
This increase is presumably not because colimitation is
becoming more common in nature but because a greater
appreciation and understanding of the phenomenon has
led more researchers to test for it. Furthermore, 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
[17], as well as the possibility of environmental patchi-
ness in space or time [34].

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 coli-
mitation at the microbial community 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 environments; laboratory experiments may be
able to fill this gap [9,19,21,23,17], but they will require
careful design to give any insights into natural environ-
ments. Both rate and yield colimitation have been tested
in marine systems (Figure 3a, inset), with rate colimita-
tion having a somewhat higher frequency of detection
than yield colimitation has. However, measurements of
yield colimitation dominate other habitats (Table S1),
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Two approaches to measuring colimitation. The traditional approach is factorial supplementation experiments, in which two resources are added
separately (blue bar for +R1, red bar for +R2) and together (purple bar for +R1+R2) to test their effects on a growth trait (e.g. growth rate or growth
yield) relative to no supplementation (black bar). We show four qualitative scenarios for these experiments: (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) superadditive colimitation (the
growth response of supplementing both resources is greater than the sum of responses for each resource supplemented alone). Other scenarios such
as subadditive colimitation and antagonistic resources are possible [7] but are not realized by most common models (Box 1). However, factorial
supplementation experiments that test only a single added concentration of each resource on a single background condition can be difficult to
interpret. An alternative, more systematic approach is to measure the growth response across a scan of resource concentrations. For example, we
show (e) a resource scan where growth obeys the Law of the Minimum (Box 1, Equation 2) and (f) a resource scan where growth can be colimited (Box
1, Equation 3). 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). The example scans in (e,f) are for independent resources (such as a carbon source

and nitrogen source), but similar scenarios exist for other resource relationships.

leaving it unknown what level of rate colimitation exists
in those environments. 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 dy-
namics are usually unknown and the measured rates are
likely lower bounds. That is, if the biomass grows rapidly
right after resources are added, but the final time point is
measured after growth has stopped, then the growth rate
inferred from that data will be lower than the initial
growth rate since that inferred rate will be an average
over the stationary phase as well. Furthermore, all of this
evidence relies on factorial supplementation experi-
ments (cf. Figure 2a—d) rather than systematic scans of
resource concentrations (cf. Figure 2e,f), which con-
strains our ability to definitively resolve different coli-
mitation scenarios [7,17].

In terms of resources, most tests of colimitation in nat-
ural environments focus on independent or biochemi-
cally dependent resources. We note that while it is
common in these studies to speak of (co)limitation for
individual elements such as nitrogen, limitation likely
differs between molecular forms of that element (e.g.
ammonium Vs. 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 usually
assumed, but this point is critical in heterotrophs, which
often consume complex molecules containing multiple
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
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Figure 3
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Evidence in the literature for resource colimitation of microbes in nature. (@) Number of studies that tested for colimitation (clear bars) and claimed
evidence of colimitation (hashed bars), broken down by habitat. Abbreviations: 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 (all other habitats have only yield data). (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.

freshwater), perhaps due to the relative ease of per-
forming resource supplementation experiments in liquid
ecosystems compared with terrestrial or animal micro-
biomes (Figure 3a). Of all systems, surface ocean phy-
toplankton communities are the most well represented
in the literature. Nitrogen, iron, phosphorus, cobalt/vi-
tamin B12, and manganese have been claimed to be
colimited for these communities (Figure 3b); nitrogen
and phosphorus are the most tested and identified coli-
miting resource pair, followed by nitrogen and iron
(Figure 3b, inset). Among nonchemical resources, light
has also been found to colimit phytoplankton growth,
alongside iron or vitamin B12 [35]. Colimitation in
marine nonprimary producers, such as heterotrophic
bacteria or zooplankton, is not well characterized yet,
though a few examples exist, such as nitrogen and
phosphorus colimitation of bacterial respiration [36].
There are also few tests of resource colimitation on
ocean coasts, although there are some examples at the
poles, where experiments have been conducted on mi-
crobial communities at the sea ice edge [37].

In freshwater systems such as lakes, resource colimita-
tion has primarily been tested for nitrogen and phos-
phorus (although iron and light are also popular
considerations [38]). One hypothesis is that nitrogen
fixation alleviates nitrogen limitation, driving systems to
phosphorus  limitation, but that organisms can

‘overshoot’ phosphorus limitation by growth and become
limited again by nitrogen or another resource; this is an
extension of the so-called Phosphorus Limitation Para-
digm [39]. In these systems, there are consistent super-
additive effects of supplementing multiple resources
compared with single resources; this effect commonly
occurs across the spectrum of nitrogen-to-phosphorus
availability, suggesting an intrinsic biological as opposed
to extrinsic chemical mechanism [40]. Like in the
oceans, the focus in freshwater habitats is on primary
producers, though there are examples in freshwater
bacteria (e.g. carbon vs. phosphorus colimitation [41]). In
the freshwater literature, the focus on elemental ratios
makes it sometimes difficult to resolve serial limitation
versus simultaneous colimitation because the absolute
concentrations of the resource additions also play a role
in the experimental outcomes (Figure 2). In spite of this,
it is common to see complex responses to the addition of
multiple resources that cannot be explained through
serial limitations alone [40].

Similar to freshwater microbes, terrestrial (soil) microbes
exhibit diverse and complex responses to the supple-
mentation of multiple resources, but resource supple-
mentation experiments in soils require considerable
effort, limiting the examples in the literature. Among the
available examples, heterotophic soil bacteria have re-
peatedly been claimed to be colimited for nitrogen and

Current Opinion in Microbiology 2024, 80:102509
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phosphorus [42,43] as well as potentially carbon [44].
Interestingly, resource colimitation has been associated
with reduced biodiversity of soil bacteria commu-
nities [44].

At this time, there is limited information about colimi-
tation in other microbial ecosystems, although there are
isolated tests in animal microbiomes [45], streams
[38,46], groundwater bacteria [47], wastewater sludge
[48], and specialized habitats, such as hypersaline lakes
[49]. This may be because of the difficulty in experi-
mentally assessing even a single resource limitation in
these systems. However, the commonality of colimita-
tion responses in experiments indicates that wherever
scientists start to look for colimitation, they are likely to
find it. Lack of experimentation across many habitats
and systems makes it difficult to assess the full extent of
this phenomenon and adding to this evidence will be an
important step forward for comparing across natural ha-
bitats.

Finally, when considering natural communities, it
should not be forgotten that other factors besides re-
source availability can limit growth (Figure 1). Examples
of nonresource, ‘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
nature, these controls will be layered on the ‘bottom up’
control of resource limitation, leading to the possibility
of resource-predator colimitation [50].

What are the causes of colimitation?

In general, colimitation occurs when biological resource
consumption aligns with environmental resource avail-
ability (Figure 1), 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 environ-
mental supply can be aligned. For growth yield, me-
chanisms leading to resource interactions include
dynamic stoichiometry in response to external resource
availability [51,52], which may be caused by forming
storage compounds [5,53], growth-dependent proteome
allocation [54-57,58], and changes in maintenance re-
source consumption [59]. Resource interactions also
emerge when growth stops at nonzero resource con-
centrations that depend on each other (i.e. when R* is
dynamically set) [60].

Colimitation of growth rate is likely to involve different
types of interactions. Colimitation in typical growth rate
models (Box 1) arises from a metabolic bottleneck where
both resources must be jointly assimilated to form bio-
mass [21]. Regulatory feedbacks between metabolic
processes can also lead to resource interactions by

allowing coordination of nutrient availability with ac-
quisition and use [61], such as coordination of carbon
and nitrogen metabolism through pools of a-ketogluta-
rate in the metabolome of K. co/i [62].

On a broader level, physiological tradeoffs may also lead
to growth rate colimitation. These tradeoffs imply a
constraint on resource uptake and utilization causing
resource interactions. This could take the form of lim-
ited membrane space for transporters [63-05,29], the
need to devote energy or resources to resource uptake
and utilization [59], prioritization of growth over pro-
ductivity/carbon fixation [52], and noncompetitive in-
hibition of growth under one resource by another
resource [57]. There is evidence for all of these pro-
cesses, but whether we should understand them as true
tradeoffs leading to colimitation is not yet clear, because
in general mechanisms of cell growth and biomass pro-
duction are not well characterized. Indeed, most
knowledge about mechanisms of colimitation has been
generated through modeling insights as opposed to di-
rect experimentation and that literature tends to be fo-
cused on autotrophic organisms [12], limiting what is
known about nutrient colimitation of microbes in
general.

At the scale of populations or ecosystems, heterogeneity
across biological units may cause alignment of environ-
mental supply and biological need, leading to colimita-
tion 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
different resource needs and responses, allowing them to
specialize and draw down multiple resources simulta-
neously [66,11,67]. More direct linkages are also pos-
sible, such as a division of labor when a resource must be
processed by an organism that is limited by another in-
dependent resource [68]. Even clonal populations of
microbes can be heterogeneous, leading to the possibi-
lity that individual cells have different elemental stoi-
chiometries or resource preferences, such as when a
subpopulation can produce storage molecules [69] 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 individual 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 environ-
ment, such as when resources are available in high
concentrations in localized areas. This can occur on a
large scale due to linked biogeochemical cycles, such as
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the difference between a rainy or dry season [70] and
episodic events as in an animal microbiome after a meal
[71], or at the microscale, such as a gradient of organic
matter around a marine snow particle [72]. Conditional
bioavailability of resources has also been proposed, such
as when trace metal bioavailability is altered by metal-
ligand interactions, which are produced biologically,
leading to patchiness and interdependencies among re-
source and organism distributions [6].

Finally, the relationship between microbes and resource
availability is driven by evolution, especially over long
time scales. Since selection will usually be strongest on
traits for the most rate-limiting resource, the evolu-
tionary steady state of this process would be for all re-
sources to have similar levels of limitation [73], which is
a state of rate colimitation. For example, metabolic
feedbacks, such as a-ketoglutarate that coordinates
carbon and nitrogen consumption, may have evolved in
this manner. Selection for different limitation traits in
different spatial niches may also be a cause of genetic
heterogeneity and division of labor. However, the effects
of mutation supply (e.g. whether spontaneous mutations
tend to reduce limitation for multiple resources si-
multaneously or induce tradeoffs) and other population
genetic forces (such as horizontal gene transfer) remain
less clear. These arguments hold mainly for growth rate
colimitation, since limitation for growth rate, unlike
growth yield, is more often expected to be under se-
lection. Indeed, this may explain why we observe
somewhat fewer instances of yield colimitation than we
do for rate colimitation (Figure 3a, inset). These pro-
cesses are related to the coevolution of life and the en-
vironment [74,75], 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?

Even if the Law of the Minimum does not hold exactly
for microbial populations [9,19,21,23,17] (Box 1), its
usefulness as an approximation depends on whether the
alternative scenarios of colimitation lead to significantly
different consequences (Figure 1). For individual cells,
colimitation (where multiple resources also have high
absolute levels of limitation) entails greater sensitivity to
environmental fluctuations since the cellular 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 lim-
itation conditions (Box 1) [17,19]. Colimitation may
change cell morphology; for example, smaller cells with
increased surface area-to-volume ratios have been a hy-
pothesized response to colimitation [52,76]. Finally, both

rate and yield colimitation may also engender distinct
molecular phenotypes, such as the transcriptome or
proteome. For example, the proteome under carbon—
nitrogen colimitation may be distinct from the proteome
under nitrogen—phosphorus colimitation or under single
limitation for any of these resources. Indeed, studies
have shown that different limitation conditions can in-
deed elicit resource-specific responses to cell physiology
[77,27,55], although physiology may eventually converge
across conditions after genetic adaptation [78]. If the
molecular 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 [13]. This would
also suggest that laboratory experiments, which usually
involve artificial conditions of single limitation, may give
us an unrealistic picture of cell physiology in nature, if in
fact microbes are often colimited in situ.

At the scale of a microbial population, knowing whether it
is colimited is important for predicting and controlling its
growth (Iigure 1). These consequences of colimitation are
especially important in the human gut microbiome, where
promoting commensal growth using prebiotic compounds
(such as fiber) or colonizing by probiotic species has po-
tential health benefits [79]. For example, if we want to
promote the growth of a commensal species, colimitation
would mean that we must supplement all of the colimiting
resources simultaneously. On the other hand, colimitation
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 populations and
communities also can affect their susceptibility to inva-
sions: a population should be more susceptible 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 enable rate-colimited populations
to evolve more rapidly and generate greater biodiversity.
Colimitation among substitutable resources implies ba-
lanced resource concentrations [17], which also promotes
biodiversity since the concentration of each substitutable
resource supports a commensurate abundance of a separate
species according to the competitive exclusion prin-
ciple [66,80].

At the scale of the global ecosystem, rate and yield co-
limitation present a potential challenge to predicting
microbial contributions to biogeochemical cycles [21],
both in terms of standing stocks (e.g. concentration of
microbial biomass and how much carbon is bound up in
microbial biomass) and fluxes (contributions of microbial
enzymes to processes such as organic matter degrada-
tion, nitrogen fixation, and remineralization). The pic-
ture is further complicated by the knowledge that
resource colimitation can alter the adaptive trajectories
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of common marine cyanobacteria [76]. It remains to be
seen whether accounting for microbial colimitation in
biogeochemical models changes the elemental compo-
sition of environments [16]. For example, are there
quantitative differences in element cycling and micro-
bial community dynamics when we use growth rate
models with colimitation rather than the Law of the
Minimum (Box 1)? Does colimitation of nitrogen and
phosphorus in phytoplankton lead to significant differ-
ences in net primary production compared to single
limitation for nitrogen? Will colimitation alter the evo-
lutionary trajectories of microbes and the biogeochem-
ical processes they mediate? Determining the role of
colimitation in biogeochemical cycles is especially cri-
tical, given the importance of predicting how those cy-
cles will change with the climate and other human
influenced processes.

What are the priorities for future colimitation

research?

While recent years have generated progress in under-
standing the concept of colimitation [7,21,17] (Figures 1
and 2) and its empirical basis [12,19,22,16,23,17] (Figure
3), several major challenges remain to establish its role in
microbial physiology and ecology. We believe the first
priority should be to test possible causes of colimitation
at the molecular and cellular scale (Figure 1) 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 colimitation in natural samples, without per-
forming explicit but laborious growth measurements.

However, if such biomarkers do not exist, then our next
priority should be to collect more data on the growth
response of natural samples over systematic scans of
resource concentrations (Figure 2e,f), rather than tradi-
tional factorial supplementation (Figure 2a—d). In prac-
tice, we may need to prioritize testing more conditions
over replicates if we hope to evaluate quantitative (Box
1) rather than qualitative models (Figures 2a—d and 3).
These studies may require simulating natural environ-
ments 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 com-
munities.

Finally, a key priority is to test the effect of microbial
colimitation on microbe-mediated processes, such as
biogeochemical cycles for global nutrient cycling [21]
and the functions of animal microbiomes. We hope to
see greater consideration of colimitation across fields
of research, from molecular and systems biology to
ecology and evolution. These results would

determine whether colimitation is simply a fasci-
nating aspect of microbiology or a critical driver of
microbial activity in environmental science, bio-
technology, and human health.

Data Availability

Table S1 contains information on literature data for re-
source colimitation studies used in Figure 3.

Declaration of Competing Interest

None.

Acknowledgements

We thank Aswin Krishna, Donat Crippa, and Justus Fink for contributing to
our conceptual understanding of colimitation. We also thank Rachana Rao
Battaje and James O’Dwyer for feedback on earlier versions of this article.

Supporting information

Supplementary data associated with this article can be
found in the online version at doi:10.1016/j.mib.2024.
1025009.

References and recommended reading
Papers of particular interest, published within the period of review, have
been highlighted as:

o of special interest
oo Of outstanding interest

1. Schaechter M, Ingraham JL, Neidhardt FC: Microbe. ASM Press;
2006.

2. Monod J: The growth of bacterial cultures. Annu Rev Microbiol
1949, 3:371-394.

3. vonLiebig J: Organic Chemistry in Its Application to Agriculture
and Physiology. Taylor and Walton; 1840.

4. Tilman D: Resource Competition and Community Structure.
Princeton University Press; 1982.

5.  Zinn M, Witholt B, Egli T: Dual nutrient limited growth: models,
experimental observations, and applications. J Biotechnol 2004,
113:263-279.

6. Saito MA, Goepfert TJ, Ritt JT: Some thoughts on the concept of
colimitation: three definitions and the importance of
bioavailability. Limnol Oceano 2008, 53:276-290.

7. Sperfeld E, Raubenheimer D, Wacker A: Bridging factorial and
*e gradient concepts of resource co-limitation: towards a general

framework applied to consumers. Ecol Lett 2016, 19:201-215.
The authors present an outstanding synthesis of a wide range of con-
cepts in colimitation. Besides summarizing and connecting disparate
terminology, they synthesize the approach of factorial supplementation
experiments with systematic resource scans, showing that the former is
an imprecise estimate of the latter. This means that factorial supple-
mentation experiments cannot reliably be used to distinguish between
different colimitation scenarios.

8. Mankad T, Bungay HR: Model for microbial growth with more
than one limiting nutrient. J Biotechnol 1988, 7:161-166.

9. O’Neill RV, DeAngelis DL, Pastor JJ, Jackson BJ, Post WM:
Multiple nutrient limitations in ecological models. Ecol Model
1989, 46:147-163.

10. Rutgers M, Balk PA, van Dam K: Quantification of multiple-
substrate controlled growth-simultaneous ammonium and

www.sciencedirect.com

Current Opinion in Microbiology 2024, 80:102509


https://doi.org/10.1016/j.mib.2024.102509
https://doi.org/10.1016/j.mib.2024.102509
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref1
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref1
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref2
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref2
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref3
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref3
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref4
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref4
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref5
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref5
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref5
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref6
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref6
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref6
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref7
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref7
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref7
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref8
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref8
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref9
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref9
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref9
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref10
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref10

10 Microbial Systems and Synthetic Biology

glucose limitation in chemostat cultures of Klebsiella
pneumoniae. Arch Microbiol 1990, 153:478-484.

11. Danger M, Daufresne T, Lucas F, Pissard S, Lacroix G: Does
*e Liebig’s law of the minimum scale up from species to
communities? Oikos 2008, 117:1741-1751.

This work develops a theoretical and experimental understanding that
community-level stoichiometry adjusts to resource availability. In parti-
cular, it shows how even if the Law of the Minimum holds at the scale of
individual species, it will not hold at the scale of a whole community,
meaning that colimitation should be possible in microbial communities.

12. Harpole WS, Ngai JT, Cleland EE, Seabloom EW, Borer ET,

ee  Bracken MES, Elser JJ, Gruner DS, Hillebrand H, Shurin JB, Smith
JE: Nutrient co-limitation of primary producer communities.
Ecol Lett 2011, 14:852-862.

This work provides a comprehensive analysis of resource colimitation

across terrestrial, marine, and freshwater ecosystems, with a focus on

plants and phytoplankton. The authors distinguish between serial lim-

itation and strict colimitation. The data demonstrates that colimitation,

particularly for nitrogen and phosphorus, is an important feature of

primary producer ecosystems.

13. Fink JW, Manhart M: How do microbes grow in nature? The role
of population dynamics in microbial ecology and evolution. Curr
Opin Syst Biol 2023, 36:100470.

14. Bachmann H, Fischlechner M, Barfa RN, BrancodosSantos F,
Molenaar D, Teusink B: Availability of public goods shapes the
evolution of competing metabolic strategies. Proc Nat/ Acad Sci
USA 2013, 110:14302-14307.

15. Erickson DW, Schink SJ, Patsalo V, Williamson JR, Gerland U, Hwa
T: A global resource allocation strategy governs growth
transition kinetics of Escherichia coli. Nature 2017, 551:119.

16. Browning TJ, Moore CM: Global analysis of ocean
ee phytoplankton nutrient limitation reveals high prevalence of co-
limitation. Nat Commun 2023, 14:5014.

This paper provides a comprehensive profile of literature biogeochem-
ical data and shipboard incubation experiments that test for resource
limitation and colimitation of open ocean phytoplankton communities.
The authors conclude that surface ocean phytoplankton are commonly
colimited.

17. Held NA, Krishna A, Crippa D, Dragan A, Manhart M: Nutrient

* colimitation is a quantitative, dynamic property of microbial
populations. bioRxiv preprint 2023, https://doi.org/10.1101/2023.
09.27.559472.

The authors introduce a theoretical framework for quantifying colimita-

tion of growth rate and growth yield. This is the first work to demonstrate

that colimitation is a continuous and dynamic property of populations,

rather than a categorical property considered in previous studies. By

applying this framework to laboratory and environmental data, the au-

thors show that colimitation does not require fine-tuned environmental

conditions but may be relatively common.

18. Tilman D: Resources: a graphical-mechanistic approach to
competition and predation. Am Nat 1980, 116:362-393.

19. Sperfeld E, Martin-Creuzburg D, Wacker A: Multiple resource
limitation theory applied to herbivorous consumers: Liebig’s
minimum rule vs. interactive co-limitation. Ecol Lett 2012,
15:142-150.

20. Halvorson HM, Sperfeld E, Evans-White MA: Quantity and quality
limit detritivore growth: mechanisms revealed by ecological
stoichiometry and co-limitation theory. Ecology 2017,
98:2995-3002.

21. Tang J, Riley WJ: Finding Liebig’s law of the minimum. Ecol App/
e 2021, 31:e02458.

The authors analyze a kinetic model of resource uptake and metabolism
to show how different models of growth rate colimitation can be derived
as different approximations of the same underlying process. This work
establishes a theoretical connection between widely-used models of
growth rate colimitation that are otherwise treated phenomenologically.

22. Redoglio A, Radtke K, Sperfeld E: How nitrogen and phosphorus

e supply to nutrient-limited autotroph communities affects
herbivore growth: testing stoichiometric and co-limitation
theory across trophic levels. Oikos 2022, 2022:e09052.

This work combines a systematic resource scan with traditional factorial

supplementation experiments to determine colimitation in phytoplankton

communities, then assesses how nutrient responses are transferred to

higher trophic levels. It is notable for mapping resource limitation and co-
limitation across trophic levels (phytoplankton and a herbivore that con-
sumes them).The work shows that nutrient limitation does not necessarily
transfer within a food web and that nutrient supplementation elicits a
multifactorial response.

23. Liu F, Gaul L, Giometto A, Wu M: A high throughput array
microhabitat platform reveals how light and nitrogen colimit
the growth of algal cells. Sci Rep 2024, 14:9860.

24. Golan O, Gampp O, Eckert L, Sauer U: Overall biomass yield on
multiple nutrient sources. bioRxiv preprint 2023, https://doi.org/
10.1101/2023.02.16.528813

25. Fink JW, Held NA, Manhart M: Microbial population dynamics
decouple growth response from environmental nutrient
concentration. Proc Natl Acad Sci USA 2023, 120:e2207295120.

26. Hermsen R, Okano H, You C, Werner N, Hwa T: A growth-rate
composition formula for the growth of E. coli on co-utilized
carbon substrates. Mol Syst Biol 2015, 11:801.

27. Bren A, Park JO, Towbin BD, Dekel E, Rabinowitz JD, Alon U:
Glucose becomes one of the worst carbon sources for E. coli
on poor nitrogen sources due to suboptimal levels of cAMP. Sci
Rep 2016, 6:24834.

28. Poggiale J-C, Baklouti M, Queguiner B, Kooijman SALM: How far
details are important in ecosystem modelling: the case of
multi-limiting nutrients in phytoplankton-zooplankton
interactions. Philos Trans R Soc B 2010, 365:3495-3507.

29. Casey JR, Follows MJ: A steady-state model of microbial
acclimation to substrate limitation. PLoS Comput Biol 2020,
16:1-17.

30. Xie L, Yuan AE, Shou W: Simulations reveal challenges to
artificial community selection and possible strategies for
success. PLoS Biol 2019, 17:e3000295.

31. Muscarella ME, O’Dwyer JP: Species dynamics and interactions
* via metabolically informed consumer-resource models. Theor
Ecol 2020, 13:503-518.

In this paper the authors show how the Law of the Minimum and mul-
tiplicative models of growth rate emerge as different limiting cases of the
same underlying kinetic model of resource uptake and metabolism. This
is an important demonstration of how different growth rate models relate
to each other and how the fundamental structure of metabolic pathways
can lead to colimitation.

32. Kooijman SALM: The synthesizing unit as model for the
stoichiometric fusion and branching of metabolic fluxes.
Biophys Chem 1998, 73:179-188.

33. Schreiber SJ, Tobiason GA: The evolution of resource use. J
Math Biol 2003, 47:56-78.

34. Hale MS, Li WKW, Rivkin RB: Meridional patterns of inorganic
nutrient limitation and co-limitation of bacterial growth in the
Atlantic Ocean. Prog Oceano 2017, 158:90-98.

35. Maldonado MT, Boyd PW, Harrison PJ, Price NM: Co-limitation of
phytoplankton growth by light and Fe during winter in the NE
subarctic Pacific Ocean. Deep Sea Res Part Il Top Stud Oceano
1999, 46:2475-2485.

36. Mills MM, Moore CM, Langlois R, Milne A, Achterberg E, Nachtigall
K, Lochte K, Geider RJ, LaRoche J: Nitrogen and phosphorus co-
limitation of bacterial productivity and growth in the
oligotrophic subtropical North Atlantic. Limnol Oceano 2008,
53:824-834.

37. Bertrand EM, McCrow JP, Moustafa A, Zheng H, McQuaid JB,
Delmont TO, Post AF, Sipler RE, Spackeen JL, Xu K, Bronk DA,
Hutchins DA, Allen AE: Phytoplankton-bacterial interactions
mediate micronutrient colimitation at the coastal Antarctic sea
ice edge. Proc Natl Acad Sci USA 2015, 112:9938-9943.

38. Warren DR, Collins SM, Purvis EM, Kaylor MJ, Bechtold HA:

®  Spatial variability in light yields colimitation of primary
production by both light and nutrients in a forested stream
ecosystem. Ecosystems 2017, 20:198-210.

This paper investigates the emergence of ecosystem-scale colimitation

resulting from environmental patchiness. The authors study light and

nutrient colimitation of stream periphyton communities and find that the

ecosystem as a whole is colimited. This colimitation results from the

Current Opinion in Microbiology 2024, 80:102509

www.sciencedirect.com


http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref10
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref10
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref11
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref11
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref11
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref12
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref12
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref12
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref12
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref13
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref13
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref13
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref14
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref14
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref14
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref14
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref15
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref15
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref15
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref16
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref16
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref16
https://doi.org/10.1101/2023.09.27.559472
https://doi.org/10.1101/2023.09.27.559472
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref18
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref18
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref19
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref19
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref19
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref19
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref20
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref20
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref20
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref20
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref21
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref21
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref22
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref22
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref22
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref22
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref23
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref23
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref23
https://doi.org/10.1101/2023.02.16.528813
https://doi.org/10.1101/2023.02.16.528813
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref25
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref25
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref25
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref26
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref26
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref26
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref27
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref27
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref27
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref27
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref28
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref28
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref28
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref28
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref29
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref29
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref29
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref30
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref30
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref30
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref31
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref31
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref31
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref32
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref32
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref32
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref33
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref33
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref34
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref34
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref34
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref35
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref35
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref35
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref35
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref36
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref36
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref36
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref36
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref36
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref37
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref37
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref37
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref37
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref37
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref38
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref38
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref38
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref38

Are microbes colimited by multiple resources? Held and Manhart 11

integrated effects of localized single nutrient limitations, determined by
patchy availability of the resources across space and depth.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Sterner RW: On the phosphorus limitation paradigm for lakes.
Int Rev Hydrobiol 2008, 93:433-445.

Bratt AR, Finlay JC, Welter JR, Vculek BA, Van Allen RE: Co-
limitation by N and P characterizes phytoplankton communities
across nutrient availability and land use. Ecosystems 2020,
23:1121-1137.

Dorado-Garcia |, Medina-Sanchez JM, Herrera G, Cabrerizo MJ,
Carrillo P: Quantification of carbon and phosphorus co-
limitation in bacterioplankton: new insights on an old topic.
PLoS One 2014, 9:€99288.

Zhang D, Wang L, Qin S, Kou D, Wang S, Zheng Z, Pefiuelas J,
Yang Y: Microbial nitrogen and phosphorus co-limitation
across permafrost region. Glob Change Biol 2023, 29:3910-3923.

Kaspari M, Powers JS: Biogeochemistry and geographical
ecology: embracing all twenty-five elements required to build
organisms. Am Nat 2016, 188:S62-S73.

Aanderud ZT, Saurey S, Ball BA, Wall DH, Barrett JE, Muscarella
ME, Griffin NA, Virginia RA, Barberan A, Adams BJ: Stoichiometric
shifts in soil C:N:P promote bacterial taxa dominance, maintain
biodiversity, and deconstruct community assemblages. Front
Microbiol 2018, 9:1401.

Reese AT, Pereira FC, Schintimeister A, Berry D, Wagner M, Hale
LP, Wu A, Jiang S, Durand HK, Zhou X, Premont RT, Diehl AM,
O’Connell TM, Alberts SC, Kartzinel TR, Pringle RM, Dunn RR,
Wright JP, David LA: Microbial nitrogen limitation in the
mammalian large intestine. Nat Microbiol 2018, 3:1441-1450.

Lowe RL, Golladay SW, Webster JR: Periphyton response to
nutrient manipulation in streams draining clearcut and forested
watersheds. J North Am Benthol Soc 1986, 5:221-229.

Hofmann R, Griebler C: DOM and bacterial growth efficiency in
oligotrophic groundwater: absence of priming and co-
limitation by organic carbon and phosphorus. Aquat Micro Ecol
2018, 81:55-71.

Lee E, Zhang Q: Integrated co-limitation kinetic model for
microalgae growth in anaerobically digested municipal sludge
centrate. Algal Res 2016, 18:15-24.

Jellison R, Melack JM: Nitrogen limitation and particulate
elemental ratios of seston in hypersaline Mono Lake,
California, U.S.A. Hydrobiologia 2001, 466:1-12.

Cael BB: The good, the bad, and the tiny: a simple, mechanistic-
probabilistic model of virus-nutrient colimitation in microbes.
PLoS One 2015, 10:e0143299.

Wirtz KW, Kerimoglu O: Autotrophic stoichiometry emerging
from optimality and variable co-limitation. Front Ecol E 2016,
4:131.

Yang N, Lin Y-A, Merkel CA, DeMers MA, Qu P-P, Webb EA, Fu F-
X, Hutchins DA: Molecular mechanisms underlying iron and
phosphorus co-limitation responses in the nitrogen-fixing
cyanobacterium Crocosphaera. ISMEJ 2022, 16:2702-2711.

Egli T: On multiple-nutrient-limited growth of microorganisms,
with special reference to dual limitation by carbon and nitrogen
substrates. Antonie Van Leeuwenhoek 1991, 60:225-234.

Scott M, Gunderson CW, Mateescu EM, Zhang Z, Hwa T:
Interdependence of cell growth and gene expression: origins
and consequences. Science 2010, 330:1099-1102.

. Li SH-J, Li Z, Park JO, King CG, Rabinowitz JD, Wingreen NS, Gitai

Z: Escherichia coli translation strategies differ across carbon,
nitrogen and phosphorus limitation conditions. Nat Microbiol
2018, 3:939-947.

The authors measure RNA to protein ratio (R/P) in E. coli as a proxy for
proteome investment in translation. They find that cells at the same
growth rates have different R/P under different limitation conditions —
carbon and nitrogen limitation are very similar, but phosphorus limitation
achieves the same growth rate for much lower R/P. This work demon-
strates how distinct limitation conditions lead to distinct physiological
states of cells (translation strategies).

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Jahn M, Vialas V, Karlsen J, Maddalo G, Edfors F, Forsstrom B,
Uhlén M, Kall L, Hudson EP: Growth of cyanobacteria is
constrained by the abundance of light and carbon assimilation
proteins. Cell Rep 2018, 25:478-486.

Sharma S, Steuer R: Modelling microbial communities using
biochemical resource allocation analysis. J R Soc Interface
2019, 16:20190474.

McCain JSP, Tagliabue A, Susko E, Achterberg EP, Allen AE,
Bertrand EM: Cellular costs underpin micronutrient limitation in
phytoplankton. Sci Adv 2021, 7:eabg6501.

Egli T: How to live at very low substrate concentration. Water
Res 2010, 44:4826-4837.

Arrigo KR: Marine microorganisms and global nutrient cycles.
Nature 2005, 437:349-356.

Chubukov V, Gerosa L, Kochanowski K, Sauer U: Coordination of
microbial metabolism. Nat Rev Microbiol 2014, 12:327-340.

Doucette CD, Schwab DJ, Wingreen NS, Rabinowitz JD: a
-ketoglutarate coordinates carbon and nitrogen utilization via
enzyme | inhibition. Nat Chem Biol 2011, 7:894-901.

Hudson RJ, Morel FMM: Trace metal transport by marine
microorganisms: implications of metal coordination kinetics.
Deep Sea Res Part | Oceano Res Pap 1992, 40:129-150.

Norris N, Levine NM, Fernandez VI, Stocker R: Mechanistic model
of nutrient uptake explains dichotomy between marine
oligotrophic and copiotrophic bacteria. PLoS Comput Biol 2021,
17:e1009023.

Held NA, Webb EA, Mcllvin MM, Hutchins DA, Cohen NR, Moran
DM, Kunde K, Lohan MC, Mahaffey CM, Woodward EMS, Saito
MA: Co-occurrence of Fe and P stress in natural populations of
the marine diazotroph Trichodesmium. Biogeosciences 2020,
17:2537-2551.

Tilman D: The resource-ratio hypothesis of plant succession.
Am Nat 1985, 125:827-852.

Sebastian M, Gasol JM: Heterogeneity in the nutrient limitation
of different bacterioplankton groups in the Eastern
Mediterranean Sea. ISMEJ 2013, 7:1665-1668.

Bannon C, Rapp |, Bertrand EM: Community interaction co-
limitation: nutrient limitation in a marine microbial community
context. Front Microbiol 2022, 13:846890.

Schwartzman JA, Ebrahimi A, Chadwick G, Sato Y, Roller BRK,
Orphan VJ, Cordero OX: Bacterial growth in multicellular
aggregates leads to the emergence of complex life cycles. Curr
Biol 2022, 32:3059-3069 e7.

Lacerda-Junior GV, Noronha MF, Cabral L, Delforno TP, de Sousa
STP, Fernandes-Junior PI, Melo IS, Oliveira VM: Land use and
seasonal effects on the soil microbiome of a Brazilian dry
forest. Front Microbiol 2019, 10:648.

Benitez-Paez A, Belda-Ferre P, Simén-Soro A, Mira A: Microbiota
diversity and gene expression dynamics in human oral biofilms.
BMC Genom 2014, 15:311.

Stocker R: Marine microbes see a sea of gradients. Science
2012, 338:628-633.

Shoresh N, Hegreness M, Kishony R: Evolution exacerbates the
paradox of the plankton. Proc Nat/ Acad Sci USA 2008,
105:12365-12369.

Lenton TM, Daines SJ, Dyke JG, Nicholson AE, Wilkinson DM,
Williams HTP: Selection for Gaia across multiple scales. Trends
Ecol E 2018, 33:633-645.

Morel FMM: The co-evolution of phytoplankton and trace
element cycles in the oceans. Geobiology 2008, 6:318-324.

Walworth NG, Fu F-X, Webb EA, Saito MA, Moran D, Mcllvin MR,
Lee MD, Hutchins DA: Mechanisms of increased Trichodesmium
fitness under iron and phosphorus co-limitation in the present
and future ocean. Nat Commun 2016, 7:1-11.

This work investigates adaptation to nutrient colimitation over a pro-
longed period of time. The authors subject a marine cyanobacterium to

www.sciencedirect.com

Current Opinion in Microbiology 2024, 80:102509


http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref39
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref39
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref40
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref40
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref40
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref40
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref41
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref41
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref41
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref41
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref42
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref42
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref42
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref43
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref43
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref43
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref44
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref44
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref44
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref44
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref44
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref45
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref45
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref45
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref45
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref45
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref46
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref46
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref46
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref47
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref47
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref47
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref47
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref48
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref48
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref48
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref49
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref49
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref49
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref50
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref50
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref50
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref51
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref51
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref51
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref52
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref52
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref52
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref52
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref53
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref53
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref53
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref54
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref54
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref54
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref55
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref55
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref55
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref55
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref56
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref56
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref56
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref56
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref57
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref57
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref57
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref58
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref58
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref58
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref59
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref59
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref60
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref60
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref61
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref61
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref62
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref62
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref62
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref63
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref63
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref63
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref64
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref64
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref64
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref64
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref65
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref65
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref65
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref65
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref65
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref66
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref66
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref67
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref67
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref67
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref68
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref68
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref68
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref69
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref69
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref69
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref69
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref70
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref70
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref70
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref70
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref71
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref71
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref71
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref72
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref72
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref73
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref73
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref73
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref74
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref74
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref74
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref75
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref75
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref76
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref76
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref76
http://refhub.elsevier.com/S1369-5274(24)00085-7/sbref76

12 Microbial Systems and Synthetic Biology

iron-phosphorus colimitation for a period of 7 years and demonstrate a
complex and irreversible change in physiology. It suggests that evolu-
tion in resource colimitation leads to different outcomes than evolution
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