
Competition, Trade, and the 
Economics of Changing

Marine Microbial Ecosystems

Jeff Morris
University of Alabama in Birmingham

2018 OCB Workshop



Biogeochemical Models are Our Friends
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(Possible) Pitfalls of biogeochemical 
Modeling

1. Interactions are strictly negative:
competition/exploitation

2. Organisms are modeled as
functional groups

3. No evolution
Does this ever matter?
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Do Positive Interspecies Interactions 
Matter for Models?

1. YES THEY DO (2 examples)
2. How evolution creates positive interactions in

the plankton
3. A look ahead: how we are studying the

interplay of species interactions and
contemporary phytoplankton evolution2018 OCB Workshop



Ocean Acidification vs. Phytoplankton

lysocline and covering a range of latitudes through-
out the Atlantic Ocean (for details, see auxiliary
material). From each core one sample was taken
from the last glacial maximum (LGM) when CO2

levels are believed to have been !180 ppmv [Petit
et al., 1999], and a second from the sediment top
(i.e., upper 1 cm of the core), representing prein-
dustrial times. Scanning electron micrograph anal-
ysis of coccolith morphologies did not reveal any
evidence for significant numbers of incomplete or
malformed coccoliths of C. pelagicus and C. lep-
toporus in LGM and Holocene sediments (Table 2).
In general, carbonate overgrowth or early diage-
netic alterations cannot be found in any of the
samples, examples are given in Figure 4.

4. Discussion

[14] The assessment of the CO2 sensitivity of
marine biogenic calcification is primarily based
on short-term experimental studies using single
clones of selected species. The observed deteriora-
tion of coccolith production above as well as below
present-day CO2 concentrations in C. leptoporus
and the lack of a CO2 sensitivity of calcification in
C. pelagicus refute the notion of a linear relation-
ship of calcification with the carbonate ion con-
centration and carbonate saturation state, as

previously suggested for corals [e.g., Feely et
al., 2004]. Consequently, species-specific effects
have to be taken into account when assessing
whole ecosystem responses to changing carbonate
chemistry.

[15] In case of C. leptoporus, changes in coccolith
morphology as occurring in response to the abrupt
CO2 perturbation applied in the experimental treat-
ments are not mirrored in the sedimentary record.
This suggests that in the natural environment
C. leptoporus has adjusted to the 80 ppm CO2

and 180 ppm CO2 difference between present,
preindustrial and glacial times, respectively.

[16] An alternative explanation for observing only
normal coccoliths in the fossil record would be
selective removal through dissolution of incom-
plete or malformed coccoliths. This is not incon-
ceivable, considering water column dissolution of
coccoliths and assuming that malformed morpho-
types may be more vulnerable to dissolution. Since
dissolution is a continuous process [Hay, 2004],
however, complete removal of incomplete and
malformed coccoliths cannot occur without inflict-
ing visible changes to normal coccoliths. Such
changes were not observed. This reasoning was
confirmed in a thorough field study in the Indone-
sian Seas, where the coccolith morphology of a

Figure 3. Representative specimens of (a–d) C. leptoporus and (e–h) C. pelagicus from (a and e) natural samples
and (b–d and f–h) laboratory culture experiments grown at different CO2 concentrations. Note the increase in
malformation and/or incomplete growth (narrow rims) with elevated or reduced pCO2 in C. leptoporus, where
incomplete growth dominates samples from lower than present-day pCO2 values, whereas malformation and
incomplete growth dominated the sample with higher pCO2 values.

Geochemistry
Geophysics
Geosystems G3G3 langer et al.: responses of calcifying algae 10.1029/2005GC001227
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Langer et al 2006, G3
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CO2 enhances growth rate for cultures 
of most* small phytoplankton
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Pro and Syn
coexist 

throughout the 
temperate and 
tropical ocean

variance (Table S2). Second, we predicted cell abundance for
each combination of temperature and PAR using nonpara-
metric local regression models and found that the performances
were similar to the ANN models (R2

Pro = 0.68 and R2
Syn = 0.42).

Third, we closely reproduced the nonparametric predictions using
more robust parametric regression models (Fig. S3A). The
parametric models for Prochlorococcus and Synechococcus
explained a high fraction of the total variances based on tem-
perature and PAR (R2

Pro = 0.67 and R2
Syn = 0.34) (Table S3).

Thus, the variances of the parametric models were comparable
with both the ANN and nonparametric models. A subsequent
sensitivity analysis using split sampling showed that the model
parameters, R2, and predicted abundance were robust relative to
the selection of input data and cruises (Fig. S4 A–C). No regional
bias was detected for either lineage (Fig. S4D).

Using the parametric models, we then estimated the global
quantitative distributions of Prochlorococcus and Synechococcus.
On average, Prochlorococcus was most abundant in the warm ol-
igotrophic waters, especially the Indian and western Pacific Ocean
subtropical gyres (maximum = 2.5 × 105 and 2.1 × 105 cells mL−1,
respectively) (Fig. 2A), and the highest monthly average value
estimated was 2.8 × 105 cells mL−1. The mean abundance de-
clined from 4.4 × 104 to 2.8 × 103 cells mL−1 from lower latitude
waters (30°N to 30°S) to the latitudinal band 30° to 40° (either N or
S) and was low at latitudes above 40°. The analysis also suggested
lower abundances in areas dominated by cold surface currents and
strong upwelling. The median abundance of Prochlorococcus in
these areas was 1.0 × 104 cells mL−1, about one order of magnitude
lower than in the Indian and western Pacific oligotrophic waters.
The niche model predicted that Synechococcus was also most
abundant in the Indian and western Pacific Oceans (maximum =
3.4 × 104 and 4.0 × 104 cells mL−1, respectively), had a peak at mid-
latitudes, and had low abundance in the Arctic and Southern
Oceans (Fig. 2B). For this lineage, we observed a much smaller

Fig. 1. Observations of Prochlorococcus and Synechococcus cell abundance. (A)
Geographic distribution of samples used in this study. (B) Prochlorococcus and
Synechococcus as a function of temperature, PAR, nitrate, and phosphate con-
centration. Symbol color represents the number of overlapping observations.

Fig. 2. Present global distribution of Prochlorococcus and Synechococcus
abundance. (A) Prochlorococcus and (B) Synechococcus mean annual abun-
dances at the sea surface.

Flombaum et al. PNAS | June 11, 2013 | vol. 110 | no. 24 | 9825
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Only considering 
global warming, 
both Syn and Pro
are expected to 

increase in 
abundance globally

decline in abundance in cold current or upwelling regions.We also
found strong seasonal variations in both the distributions and
abundances of Prochlorococcus and Synechococcus. The lat-
itudinal range of cell abundance above 104 cells mL−1 for Pro-
chlorococcus shifted 18.0°N and 8.1°S and for Synechococcus
shifted 23.3°N and 6.0°S (Fig. S5). The global mean annual
abundance for Prochlorococcus and Synechococcus was 2.9± 0.1 ×
1027 and 7.0 ± 0.3 × 1026 cells, respectively. The highest/lowest
global mean monthly abundance was April/August (3.0/2.7 × 1027
cells) for Prochlorococcus and March/July (7.5/6.4 × 1026 cells)
for Synechococcus.
Next, we estimated sea surface abundances and distributions for

the end of the 20th and 21st centuries using climate model pro-
jections of sea surface temperatures (18). The projection for the
21st century used the Representative Concentration Pathway
(RCP) 4.5 scenario, which was based on a stabilization of the ra-
diative forcing of greenhouse gases at what is equivalent to
650 ppm CO2. Because of the rise in temperature, the multimodel
ensemble mean projected a 28.7% and 13.9% increase in Pro-
chlorococcus and Synechococcus abundance, respectively. How-
ever, projections slightly differed in the total increase with a range
of 18.4–35.4% and 9.8–16.4% for Prochlorococcus and Synecho-
coccus, respectively. We also found that these projected changes
were geographically uneven (Fig. 3 A and B). The multimodel
ensemble mean for Prochlorococcus abundance increased 25.8 ±
7.0% in a band between 12°N and 26°S and 37.9 ± 10.4% up to
40° (Fig. 3A). For Synechococcus, the increase was 20.0 ± 4.5% in
the tropical band (20°N to 20°S) as well as a slight expansion at
high latitudes (Fig. 3B). However, for Synechococcus, the biggest
changes were observed from ∼30°N to 60°N or ∼30°S to 60°S. In
a zone centered on 35°N or 35°S, we found a decline in abun-
dance. Although most significant in the Pacific Ocean, we also
detected a zone centered on 45°N with a large increase in abun-
dance. Projections of the four climate models largely covaried in
the increase in cell number within the tropics, and in the poleward
shifts of the abundance peak at mid-latitudes (Fig. 3 C and D). In
a north–south transect along the Atlantic Ocean, the models
depicted two consistent crests around the equator for both line-
ages (Fig. 3C andD). For Synechococcus, the models also showed
a peak around 45° of latitude (Fig. 3D). In this transect, the un-
certainty caused by climate model differences for Prochlorococcus
abundance was larger in the Northern Hemisphere and the
Equator, and it decreased toward the southern distribution limit
(Fig. 3C). For Synechococcus, the uncertainty was associated with
differences in the projected abundance and the specific latitude
for the secondary peak (Fig. 3D). All four models projected
a slight expansion of distribution areas with high cell abundance
(here defined as 104 cells mL−1) of 3.3 ± 0.4°N and 2.5 ± 0.2°S for
Prochlorococcus and 5.6 ± 2.1°N and 2.5 ± 0.3°S for Synecho-
coccus (Fig. 3 C and D). Thus, we project an overall increase of
both Prochlorococcus and Synechococcus but with substantial re-
gional variations in cell abundances.

Prochlorococcus and Synechococcus Niches. We next identified the
niches for Prochlorococcus and Synechococcus along temperature,
PAR, and nutrient gradients (Figs. 1B and 4). The response to
temperature for Prochlorococcus could be divided into three
zones. Below 8 °C, Prochlorococcus was present in 230 of 7,213
(3.2%) field samples (Fig. S3B), and this low likelihood of ob-
serving Prochlorococcus was reflected in the niche model (Fig.
S6A). Between 8 °C and 13 °C, the probability of finding Pro-
chlorococcus increased from 20% to 80%, and the estimated re-
lationship between cell abundance and temperature was the
strongest irrespective of PAR (Fig. S6A). Above 13 °C, the prob-
ability of finding Prochlorococcus increased from 80% to ∼100%,
and both the observed and estimated abundances changed from
104 to 105 cells mL−1 (Fig. 4A and Fig. S6A). As expected, the
abundance was also strongly related to PAR intensity (Fig. 4B and

Fig. 3. Projected change in global abundance and distribution of Pro-
chlorococcus and Synechococcus for 2100. Percent change in mean annual
abundance between present and future climate (end of 20th and 21st
century) at the sea surface for (A) Prochlorococcus and (B) Synechococcus.
Colored areas represent the change in abundance in regions with >104 cells
mL−1 at present climate. Purple lines represent the distribution limit of 104

cells mL−1 under future climate. Mean annual abundance estimated for
present and future climate for a north–south transect at the Atlantic Ocean
(330° meridian) for (C) Prochlorococcus and (D) Synechococcus. Lines rep-
resent the annual mean for the multimodel ensemble (thick) and each of
the four models (thin).

9826 | www.pnas.org/cgi/doi/10.1073/pnas.1307701110 Flombaum et al.

Flombaum et al. 2013, PNAS
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In a model that incorporated the CO2 growth 
response, Syn still increases in abundance, but 

Pro disappears from the model

12 NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

SUPPLEMENTARY INFORMATION DOI: 10.1038/NCLIMATE2722
Dutkiewicz et al.: Impact of ocean acidification on the structure of future phytoplankton communities

12

Figure S4. Functional biogeography. Biomass (mgC/m3) summed over the 16 "types" in each functional
group (see Fig S5, S9) (a) 2000; (b) 2100 for one ensemble member of experiment ALL, (c) 2100 for 
experiment ALL-OTHER, (d) 2100 for one ensemble member of experiment PCO2-ONLY.

Dutkiewicz et al.: Impact of ocean acidification on the structure of future phytoplankton communities

13

Figure S5. Present day habitats. Biomass (mgC/m3) of the 96 phytoplankton types in top 50m ordered
by coldest- to warmest-adapted (see Fig S1) in each functional group. Summed biomasses over each
functional group are shown in Fig. S4a.

2000 2100

Dutkiewicz et al. 2015, Nature Climate Change

2018 OCB Workshop



“Ground truthing” the model

+In a direct competition experiment, we 
measure the change in ratio of the two 

competitors. If one becomes more 
relatively abundant over time, it has 

higher fitness.
2018 OCB Workshop



Maggie Knight
ASFA

The ratio of Pro vs. Syn determined their 
relative fitness under both CO2 treatments

Knight and Morris 2018, BioRxiv

Equal Fitness

“NEGATIVE FREQUENCY 
DEPENDENCE”2018 OCB Workshop



Example 2: Pro and Alteromonas

Prochlorococcus needs “helpers” to grow at 
“ecologically relevant” cell densities in the lab

Morris, Zinser, et al. 2008, Appl Env Microbiol

Heterotrophic 
bacteria remove 
reactive oxygen 
species from the 

culture media

2018 OCB Workshop



…Many phytoplankton cultures are 
not axenic
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At 800 ppm CO2, Alteromonas stops 
helping Pro

acid metabolism (Figure 4b). However, only certain
amino-acid metabolic pathways in Alteromonas had
lower expression, including putative tryptophan,
histidine and glutamate biosynthesis operons
(Figure 4a). Ribosomal genes, chemotaxis-related
genes and TonB-dependent transporters were over-
represented in genes with significantly increased
transcript abundance under elevated CO2 (Figure 4b,

Supplementary Table 5). Similar expression changes
in flagellar and chemotaxis genes have been
observed in response to low pH in Escherichia coli
(Maurer et al., 2005), potentially as a pH homeostasis
strategy, however, a similar expression pattern was
not observed in axenic Alteromonas exposed to
elevated CO2 (Supplementary Tables 3 and 4). None
of the previously characterized pH homeostasis
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Figure 4 Alteromonas differential gene expression under elevated CO2. (a) Whole-genome view of differentially expressed genes for
Alteromonas (strain EZ55). Black line indicates log2 fold change in expression, with positive (outward) indicating genes with increased
expression, and negative (inward) values indicating decreased expression under elevated CO2. Positions of significantly differentially
expressed genes (pairwise exact test, Po0.05, n=6, with fold change 42) are indicated by lines on the outer ring (red) for genes with
increased expression, and the inner ring (blue) for genes with decreased expression. Select genes and putative operons are labeled.
(b) Gene set enrichment analysis of differentially expressed genes (Po0.05, n=6), with increased expression (red) or decreased expression
(blue) for KEGG categories of carbon, amino-acid and fatty acid metabolism, ribosome, chemosynthesis, and flagellar genes, as well as
categories defined by annotation keyword: TonB and redox (Supplementary Table 5). Dashed line indicates expected ratio of genes in a set
based on the number of genes within the same set in the genome, asterisk indicates the gene set is significantly enriched (hypergeometric
test, Po0.05) compared with the expected value of random selection from the genome.

CO2 and marine microbial interactions
GM Hennon et al

9

The ISME Journal

Hennon et al 2017, ISME J
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But Syn appears to make up for Alteromonas’ 
stinginess at 800 ppm CO2

Knight and Morris 2018, BioRxiv
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Non-competitive Interactions 
Dominate this Simple Ecosystem

1. Pro and Syn should be 
strict competitors, but 
also have positive 
interactions

2. Pro’s response to CO2 is 
entirely governed by the 
community context in 
which it is measured

2018 OCB Workshop



Why are these bacteria so “friendly”?

• Natural selection favors non-cooperating 
“cheaters”

2018 OCB Workshop



Cooperation evolves best in 
structured populations

• Spatial structure prevents intraspecies “cheating” 
by close relatives

• Vertical transmission cements interspecies bonds 
(like between animal hosts and symbionts)

Vibrio fischeri and Hawaiian bobtail squid

Corals and 
symbiotic algae

THIS IS ~ IMPOSSIBLE FOR 
PHYTOPLANKTON

2018 OCB Workshop



The Economics of Community 
Evolution

• Every biological function has a cost
• The products/services of these 

functions have a value set by supply 
vs. demand

• When the cost is greater than the 
value, natural selection favors 
organisms that don’t perform the 
function

$2018 OCB Workshop



“Leakiness”
Many functions yield goods/services that are 
unavoidably “leaked” into the environment

such molecules are intermediaries in metabolic processes.
The first description of a BQ function involved detoxifica-
tion of the membrane-permeable reactive oxygen species
HOOH [3,16]. The leakiness of HOOH detoxification was
implicated as the source of the dependence of the cyano-
bacterium Prochlorococcus on helper bacteria to survive in
laboratory cultures and in its native open-ocean habitat
[8,16]. HOOH detoxification was also used to explicitly test
the predictions of the BQ Hypothesis in a laboratory
setting [7], where HOOH-sensitive and HOOH-resistant
strains of Escherichia coli were able to coexist in the
presence of HOOH for over 1000 generations.

Metabolic byproducts are also often leaky, either be-
cause of inherent membrane permeability or because they
are actively transported out of the cell. When these wastes
are usable as substrates for other pathways, their loss is
potentially costly. For instance, many gases are byproducts
of one metabolic pathway but electron or energy sources for
another. Syntrophic interactions where one organism
grows on H2 gas emitted by another are well-characterized
[17] and can evolve and persist in the laboratory [18]. De-
nitrification produces two useful gaseous intermediates,
NO and N2O, and these appear to be oxidized by separate
species in some soil communities [19]. In addition to gases,
many pathways produce organic wastes that may be
exploited by the broader community, either as energy
sources [20–22] or for other purposes [23].

Extracellular products
Perhaps the most obvious examples of leaky functions are
those that occur in the extracellular environment. For
instance, high molecular weight polymers are generally
broken down into monomers before transport across the
cell membrane and some of these monomers must be lost to
the bulk medium. A well-studied example is the enzyme
invertase, which is secreted by yeast to decompose sucrose.
Producers and non-producers of invertase have been
shown to coexist in well-mixed sucrose-limited cultures
[24,25]. Additionally, many wild yeast do not produce
invertase despite the abundance of sucrose in fruit [26].

Longer polysaccharides are also depolymerized outside the
cell envelope and culture-based studies suggested that
some gut microbes are dependent on helpers to catalyze
this process [27]. Other biopolymers also require extracel-
lular decomposition before consumption (e.g., DNA [28])
and I predict that these conditions provide opportunities
for BQ coexistence between helpers and beneficiaries.

Whereas HOOH is detoxified intracellularly, other tox-
ins are neutralized outside the cell. The extracellular
enzyme b-lactamase destroys b-lactam antibiotics such
as penicillin and helper/beneficiary interactions arise in
well-mixed cultures of bacteria in the presence of b-lactam
antibiotics [29]. b-Lactam cross-protection also occurs in
clinical cases, where beneficiaries are often from complete-
ly different species than helpers and sometimes include
pathogens [30,31]. Naturally occurring antibiotics help
protect communities from outside invasion and these must
also be secreted to be useful. Recent high-throughput
studies showed that closely related organisms tend to
share resistance to the same antibiotics, although only a
subset of the organisms actually produced those antibiotics
[32–34].

Siderophores are organic compounds secreted to gain
access to inorganic iron, which is extremely insoluble in
oxygenated environments. These compounds may be pirat-
ed by non-producers [35] and dependence on helper-secreted
siderophores is common in the ocean and perhaps elsewhere
[6,36]. Siderophores can also be used to protect against
metal toxicity and helper/beneficiary interactions have been
shown to evolve spontaneously in media with toxic concen-
trations of copper [37]. The structure of siderophore mole-
cules appears to have been under selection to defeat piracy
by organisms that have lost siderophore production but
retained siderophore transporters [38], but it bears men-
tioning that the mere presence of siderophores in a system
increases iron availability to the entire community irrespec-
tive of whether individuals can exploit the siderophores
themselves because these molecules act as trace metal
buffers that increase the total availability of soluble metal
in the system [39,40] (Figure 3).

More leaky Less leaky

(A) (B) (C) (D) (E) (F)

TRENDS in Genetics 

Figure 2. The leakiness spectrum. All biological functions yield products that exist along a spectrum between purely public and purely private, shown here as green halos
(A–C) or pink dots (D–F). The classic example of a purely public good is a secreted enzyme in a continuously and vigorously shaken culture flask (A). However, a well-mixed
community is not a homogeneous pool of enzymes: leaky enzymes must be produced within cells and exported, leading to a diffusion gradient of enzyme activity that gives
producers at least some preferential access to products (B). Spatial structure (C) favors cooperation via kin selection, but leaky products are still potentially available to
beneficiaries. Many functions occur at the cell’s periphery, either in the periplasm of Gram-negative bacteria or at the cell wall (D), and even if some of the products escape,
the function performer clearly retains a commanding share of the benefits. Cell death (E) renders many apparently purely private functions (F) leaky.

Review Trends in Genetics August 2015, Vol. 31, No. 8

477

Morris 2015, Trends in Genetics
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Prochlorococcus and Pelagibacter, beneficiary status is as-
sociated with greatly reduced genome size relative to help-
ers [2,12,13], suggesting that gene loss may underlie
dependence.

Superficially, interactions between helpers and benefi-
ciaries appear altruistic and are therefore difficult to ex-
plain from an evolutionary perspective (Box 1). If
beneficiaries gained a growth advantage by losing a func-
tion, what prevents the helpers from doing the same thing?
Traditional evolutionary theory predicts that unless help-
ers are able to restrict access to the products of the leaky
function to other helpers, the function will be lost from the
community even if all community members suffer –  a
phenomenon known as the tragedy of the commons
[14]. Microbes can avoid the tragedy of the commons by
growing in structured environments surrounded by their
close relatives (i.e., through kin selection) [15], but many of
the best-characterized helper/beneficiary interactions in-
volve pelagic marine bacteria that grow in environments
with no spatial structure. How, then, can helpers and
beneficiaries stably coexist in such an environment in
the light of evolution?

One way that the tragedy of the commons can be avoided
in well-mixed environments is through negative frequency
dependence of fitness (Figure 1). When two competing
organisms interact in such a way that their relative fitness
is a function of their relative abundance, it becomes possi-
ble that the two can coexist even in the absence of related-
ness. When essential leaky products are abundant in the

environment (i.e., when beneficiaries are rare relative to
helpers), beneficiaries gain a growth advantage equivalent
to the cost of producing those products. However, as the
beneficiaries become more common relative to the helpers,
the leaky product becomes rarer and the fitness of the
beneficiaries decreases. As long as each has a higher
growth rate than the other when rare, the fitnesses of
the two types will be equal at some ratio and a stable
equilibrium ratio will be reached (Figure 1C). Because the
loss-of-function mutations leading to beneficiary status are
so easily obtained, leaky functions can be seen as reliable
generators of negative frequency dependence and conse-
quently act to create and preserve genetic diversity within
microbial communities.

What is leakiness and where does it occur?
Theoretical discussions about the evolution of public goods
production often consider functions to produce either en-
tirely public or entirely private goods (Box 1). In reality, all
functions occupy a spectrum between these two extremes;
that is, they exhibit some degree of leakiness (Figure 2).
One can envision four broad classes of function whose
natures tend toward greater leakiness: (i) functions with
membrane-permeable products; (ii) functions that occur
outside the cell; (iii) functions whose products outlive the
cells that make them; and (iv) functions that physically
modify the organism’s habitat. I consider examples of each
below.

Functions with membrane-permeable products
Biological membranes are intrinsically permeable to small,
uncharged molecules and some leakage is inevitable when
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Figure 1. The Black Queen Hypothesis and negative frequency dependence of
fitness. Helper cells leak a product (represented here by green halos) required by
all community members. (A) When helpers (round cells) are abundant,
beneficiaries (diamonds) have ready access to the leaked product. (B) When
helpers are scarce, the leaked product is scarce and beneficiaries might not be able
to access it. (C) As beneficiaries invade a population, their fitness relative to
helpers (curved red line) decreases due to their lack of the leaked product. As long
as beneficiaries have relative fitness > 1 when rare and <1 when common, they
will coexist with helpers. In this figure, the point where the curved line intersects
the horizontal line indicates the equilibrium proportion of beneficiaries ( p*, shown
by the broken black line).

Box 1. Cheaters versus beneficiaries

The literature on the evolution of public goods production often
discusses the dynamics between cooperators and cheaters, roughly
analogous to BQ helpers and beneficiaries. However, the two
dichotomies are different in four important ways.
(i) In many cases leakiness is an inevitable characteristic of a

function, due to either the chemical nature of the products or
the required location of the reactions. In these cases production
of public goods is not an act of cooperation but rather an
unavoidable cost of doing business.

(ii) Although some classical examples of social cheating are also
examples of BQ interactions (e.g., secretion of the enzyme in-
vertase by yeast [24]), others are not. For instance, social func-
tions that cause the individuals performing them to die or forgo
reproduction (e.g., fruiting body formation in Myxococcus
xanthus [96]) have no private benefit for the producer and there-
fore are not BQ functions.

(iii) The influence of many leaky functions extends well beyond any
reasonable social context (e.g., see the discussion of N fixation in
the text, where the cumulative activity of helpers over decades or
centuries ultimately allows beneficiaries to thrive). In the ab-
sence of direct interactions between helpers and beneficiaries,
the term ‘cheater’ is not particularly apt.

(iv) Whereas the verb ‘cheat’ is rarely used in common language
except in a pejorative manner to describe active exploitation,
‘help’ is often used to describe passively beneficial activities or
processes. For instance, one might say ‘Yesterday’s rain really
helped my garden’ without implying that the garden encouraged
the rain to fall, that the rain benefitted from the garden’s im-
proved growth, or that any form of two-way interaction existed
between the rain and the garden.

Thus, there is overlap between theories of social cheating and BQ
evolution, but neither is a subset of the other.
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Evolution driven by the economics of leaky 
functions produces negative frequency 

dependence

The Black Queen Hypothesis
(Morris et al 2012, mBio)

Coexistence
Proportion
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The Black Queen Marketplace

• Planktonic cells are suspended in a metabolic 
marketplace of leaked products from Black 
Queen functions

Fe

H2O2
NH3

+

Trp
Leu
Asp

B12

(CHO)X
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The Black Queen Marketplace

• Evolution leads to complex webs of 
interdependency

Fe

H2O2
NH3

+

Trp
Leu
Asp

B12

(CHO)X
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How do communities structured by 
Black Queen functions evolve?

IMPORTANT: Black Queen “mutualisms” 
are fundamentally less stable than 

“true” mutualisms
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The Long-Term Phytoplankton 
Evolution (LTPE) Experiment

Prochlorococcus Synechococcus

Emiliania huxleyi
Thalassiosira 

oceanica

500 generations @
400 ppm CO2

500 generations @
800 ppm CO2
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The Long-Term Phytoplankton 
Evolution (LTPE) Experiment

Prochlorococcus Synechococcus

Emiliania huxleyi
Thalassiosira 

oceanica

• All 48 populations were evolved 
alongside the same Alteromonas
species

• We can mix-and-match strains in 
competition experiments

Alteromonas
maceleodii
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Out-standing Questions

1. Does rapid evolution in response to 
environmental change alter key Black Queen 
relationships?

2. Do phytoplankton and Alteromonas evolve 
specific mutualism-enforcing traits during 
long-term co-culture?
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