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Abstract 

Studying micr obial comm unities thr ough a socio-economic lens, this paper dr aws par allels with human economic transactions and 

microbes’ race for resources. Extending the ‘Market Economy’ concept of social science to microbial ecosystems, the paper aims to con- 
tribute to comprehending the collaborative and competitive dynamics among microorganisms. Created by a multidisciplinary team 

of an economist, microbiologists, and mathematicians, the paper also highlights the risks inv olv ed in employing a socio-economic 
perspecti v e to explain the complexities of natural ecosystems. Navigating thr ough micr obial markets offers insights into the impli- 
cations of these interactions while emphasizing the need for cautious interpretation within the broader ecolo gical conte xt. We hope 
that this paper will be a fruitful source of inspiration for future studies on microbial communities. 

Ke yw ords: biological market theory; comparati v e adv anta ge; ev olutionar y game theor y; spatial economics 
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Abbreviations 

BMT: Biological market theory 
CSR: Cor por ate social responsibility 
ED: Evolutionary dynamics 
GDP: Gross domestic product 
GET: General equilibrium theory 
RPS: Roc k–pa per–scissors 

Introduction 

Micr obial comm unities exhibit notable similarities with economic 
markets, showcasing a complex interplay of micr oor ganisms in- 
volv ed in inter actions that mirr or economic tr ansactions observ ed 

in human markets. At the core of these microbial networks lies 
the fundamental mechanism of resource exchange, where mi- 
cr oor ganisms collabor ativ el y and competitiv el y ‘tr ade’ nutrients,
metabolites, and signaling molecules (Kost et al. 2023 ), forming 
a dynamic network similar to the commodity trading evident in 

human markets (Noe and Hammerstein 1994 , Toby Kiers et al.
2003 , Werner et al. 2014 ). Within microbial ecosystems, a divi- 
sion of labor emerges where diverse microbes specialize in dis- 
tinct metabolic functions, contributing substantially to the over- 
all stability and efficiency of the ecosystem (Kost et al. 2023 ).
This specialization underpins central dynamics within microbial 
communities, marked by instances of cooperation as microor- 
ganisms form alliances for resource acquisition, analogous to 
countries establishing trade partnerships for mutual benefit. Con- 
v ersel y, instances of competition are also evident within microbial 
inter action, r eflecting the struggle for dominance among certain 
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icrobial species, similar to companies competing for a larger 
arket share (Foster and Bell 2012 ). This interplay of cooperation

nd competition within microbial networks has far-reaching im- 
lications for ecosystem dynamics . T he specialized functions of
iffer ent micr obial species contribute to the r esilience and ada pt-
bility of the ov er all ecosystem (Shade et al. 2012 ). Like companies
ocusing on their core competencies, microbial species optimize 
heir metabolic functions, enhancing the efficiency of resource 
tilization within the comm unity. The r esulting network of in-
erdependence and competition among microbial entities mirrors 
he economic relationships in human markets, with each partici- 
ant contributing to the ov er all functioning of the system (Ozkaya
t al. 2017 ). 

The ‘Mark et Econom y’ in social science proposes that economic
arket agents (humans and institutions) trade things they re- 

uir e, suc h as goods or services. The conceptualization of mi-
r obial comm unities as biological markets pr ovides a fr ame work
hat enhances our understanding of their inherent operational 
ynamics and adaptability. Aligned with ecological and economic 
rinciples, this perspective explains the interactions among mi- 
r oor ganisms, shedding light on their strategies for resource uti-
ization, cooperation, and competition. Beyond a metaphorical 
nderstanding, the exploration of microbial markets examines 
he mec hanisms gov erning micr obial ecosystems, offering pr o-
ound insights into their implications for broader ecological and 

uman systems. Following Marshall’s perspective (Marshall 1920 ),
e see how by le v er a ging insights from microbial ecology (and its

uccessful models) we can r e visit existing economic models aim-
ng to ac hie v e a balanced market ecosystem. Successful examples
f r esearc h at the intersection of economics and biology include
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or instance recent work on understanding undernutrition in de-
eloping economies (Luke et al. 2021 ). 

This paper aims to observe and explain microbial interaction
rom an economic perspective and advocates that a ppl ying mar-
et principles to study microbial interactions can be insightful
o better comprehend microbial cooperation and evolution and
tim ulate nov el study designs. We mainl y focused on micr oeco-
omic analysis but did not disregard a macroeconomic perspec-
ive, and hence the following country-level trade examples will be
sed as a parallel in specific sections below. Steamed out of an in-
ensiv e collabor ation between an economist and micr o and com-
utational biologists, we aim to provide a compr ehensiv e pictur e
f the adv anta ges and risks associated with employing a socio-
conomic perspective on microbial communities. For this paper,
e will focus on biological systems involving at least one micro-
ial partner and engage in r esearc h questions r elated to micr obial
arkets . T hese questions r e volv e ar ound topics like whether mi-

robes distinguish their trading partners and whether spatial ag-
lomeration plays a role (Meacock and Mitri 2023 ). This approach
f viewing microbial dynamics through the lens of the ‘biologi-
al market’ guides our understanding of the microbial community
nd cooperation among microbes. 

iological market theory: bridging 

conomic and biological realms 

he mark et econom y conce pt pr ovides a v aluable perspectiv e for
tudying mutualism, the symbiotic partnership among diverse
pecies in an ecosystem. Central to this inquiry is biological mar-
et theory (BMT), de v eloped by Noe and Hammerstein (Noe and
ammerstein 1995 ). Rooted in evolutionary biology and drawing

nspir ation fr om the ‘compar ativ e adv anta ge’ principle of eco-
omics, BMT asserts that animals activ el y participate in coopera-
ive and trading beha viors . Despite the potential for exploitation
r cheating, these interactions persist, driven by the comparative
enefits that accumulate for participants. Traders in the biologi-
al market exchange commodities, including goods (e .g. nutrients ,
helter, and gametes) or services (e.g. warning calls, protection,
nd pollination). BMT serves as a valuable framework for scien-
ists to analyse and interpret cooperative behaviors in the animal
ingdom, establishing connections between the natural world and
conomic systems (Fruteau et al. 2011 , Grinsted and Field 2017 ,
oe and Kiers 2018 ). Table 1 provides examples of se v er al studies
onducted on various animal species, employing BMT as a guiding
ens. 

A market fr ame work can theor eticall y be emplo y ed for the
tudy of mutualisms if certain conditions for biological markets
re met. These conditions encompass: (i) exchanging commodi-
ies (goods or services) between individuals, (ii) having at least
wo distinct classes of traders, (iii) the ability of individuals from
t least one trader class to choose or switch partners, and (iv)
he existence of individual variations in commodity prices, allow-
ng opportunities for ‘outbidding’ price competition. Mor eov er, (v)
emporal fluctuations in the supply and demand of these com-

odities, which can lead to price changes (Noe and Hammerstein
995 ), ar e also typicall y observ ed in most markets . T hese condi-
ions facilitate the application of an economic market framework
o explore mutualistic interactions in the biological realm. 

In contrast to Smith’s argument that ‘to exchange one thing for
nother is common to all men, and to be found in no other race of
nimals (Smith 1776 ),’ the e volutionary perspectiv e of BMT sug-
ests animals, lacking cognition, participate in ‘biological market-
laces’ (Noe and Hammerstein 1994 , 1995 , Toby Kiers et al. 2003 ).
ithin ecological systems, animals exchange commodities in the

orm of goods or services (such as food, grooming, protection, co-
per ativ e hunting, or mating opportunities) to enhance their fit-
ess and r epr oductiv e success (Hammerstein and Noe 2016 ). BMT
larifies the occurrence of cooperative interactions among ani-
als, a phenomenon not easily explained by conventional natural

election or theories emphasizing competitive and selfish behav-
ors. BMT r edir ects attention to cooper ativ e and m utuall y benefi-
ial interactions. In biological markets, animals can be perceived
s ‘tr aders’ ca pable of assessing the value of v arious tr ading part-
ers , making economic decisions , and engaging in transactions
y offering valuable resources to the most favorable and reliable
artners in exchange for necessities, all to maximize their respec-
ive fitness. 

The integration of market economic concepts with biological
ystems provides a premise for exploring the dynamics of micro-
ial comm unities fr om a fr esh standpoint, upon whic h the a ppli-
ation of micro- and macroeconomic perspectives enhances our
nderstanding of their complexities. 

ele v ance of micro- and macroeconomics for 
tudying microbes 

he application of economic concepts to microbial studies unveils
 emarkable par allels, particularl y when vie wed thr ough micr o-
nd macroeconomic lenses . T hese two br anc hes of economics fo-
us on different scales of economic activities . Hence , analysing
icr obial comm unities fr om these perspectiv es enables a deeper

nderstanding of their complex dynamics and interactions. On
ne hand, microeconomics focuses on the behavior of individual
 gents, suc h as consumers, firms, and industries, and how their
ecisions impact resource allocation and prices in specific mar-
ets. It examines the mechanisms of supply and demand, produc-
ion and consumption choices, and market competition to under-
tand ho w resour ces ar e distributed and utilized. K e y conce pts
nclude marginal utility, opportunity cost, competitive advantage,
nd market equilibrium, which help to explain how agents inter-
ct under constraints (Kolmar 2022 ). Studying microbial commu-
ities using microeconomics would involve analysing how indi-
idual microbial species interact, compete for resources like nu-
rients and space, and maximize their fitness within their environ-

ent (Kashtan et al. 2022 ). For example, consider the competition
etween bacterial species in the human gut. Here, some bacteria
r oduce antimicr obials to cr eate barriers to entry for rival species,
her eby securing mor e r esources for themselv es (Woelfel et al.
024 ). Through the microeconomics lens, this scenario mirrors
ow firms might use competitive strategies to dominate a market
nd optimize their resource allocation for maximum profitability.
y a ppl ying micr oeconomic principles, we can stud y competiti ve

nter actions gov erning micr obial ecosystems. 
In contr ast, macr oeconomics deals with the study of large-

cale economic factors and phenomena at the le v el of an en-
ire economy or country. It examines a ggr egates suc h as national
ncome, gross domestic product (GDP), unemployment rates, in-
ation, and government policies to understand the performance
nd structure of economies as a whole. Macroeconomics seeks to
nalyse and explain how these variables interact and influence
ne another, shaping the overall economic environment and de-
ermining long-term growth, stability, and de v elopment. Thr ough
he study of macroeconomics, economists aim to formulate poli-
ies that can address issues such as monetary fluctuations, unem-
loyment, inflation, and income inequality on a national as well
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Table 1. Examples of findings from literature applying BMT for their analysis. 

Agents of biological market Main findings 
Rele v ant economic 

principles Ref 

Female sooty 
mangabey—v erv et monkeys 

Each female monk e y possesses a 
clear understanding of her value as 
a grooming partner in the market 
and knows the le v el of investment 
r equir ed to r eceiv e a satisfactory 
amount of grooming 

Higher demand impacting 
market value, competition for 
grooming partners, market 
information and investment, 
negotiation and exchange of 
services, and so on 

Fruteau et al. ( 2011 ) 

P a per wasps (i) Subordinates have alternative 
nesting options that provide fitness 
payoffs as high as their chosen 
nests but exceed the benefits of 
solitary breeding. (ii) Having good 
alternatives outside the group will 
impact how m uc h help 
subordinates are willing to offer in 
raising the dominant’s offspring. 
(iii) Replacing a new floater with an 
existing helper could not be done 
easily in the experiment, indicating 
that rejecting them might incur 
costs for dominants 

Cooperation and collective 
benefits, competing for better 
pay-off, external 
opportunities impacting 
cooper ation, r esistance to 
change, and so on 

Grinsted and Field ( 2017 ) 

Labroides dimidiatus and reef 
fish 

Model system of mutualism where 
the cleaner wrasse ( Labroides 
dimidiatus ) chooses its partner 

Suppl y–demand, differ ent 
pricing, competition for 
gr ooming partners, r esource 
allocation, and so on 

Bshary ( 2001 ) 
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as global scale (Howitt 1991 ). In the realm of microbial studies, the 
principles of macroeconomics can shed light on broader ecosys- 
tem dynamics and sustainability (Meacock and Mitri 2023 ). For 
example, micr obial comm unities play a crucial role in nutrient 
cycling, soil fertility, and decomposition processes, which are es- 
sential for a gricultur al pr oductivity. Thr ough the lens of macr oe- 
conomics, scientists can assess the economic impact of microbial 
activities on crop yields, soil health, and ultimately, food security.
This illustrates how macroeconomic principles can be applied to 
microbial studies to enhance our understanding of the economic 
importance of microbial communities 

Both micro- and macroeconomic perspectives offer valuable in- 
sights when applied to studying microbial communities , pro viding 
different scales of analysis to understand the complex dynamics 
at play. Ho w e v er, for stud ying the population d ynamics of a mi- 
cr obial comm unity, micr oeconomics principles can be valuable as 
they center on the behavior and interactions of individual agents,
whic h mirr ors the complex r elationships within micr obial pop- 
ulations. Fr om r esource allocation to competition and coopera- 
tion, micr oeconomic principles pr ovide a po w erful fr ame work for 
studying the complexities of microbial ecosystems. 

Furthermor e, micr oeconomics offers insights into the intrica- 
cies of competition and cooperation among individual agents, 
which is essential for understanding the dynamics of microbial 
comm unities. Micr oeconomic principles can be used to explain 

how certain microbes dominate or coexist, how they respond to 
changes in their environment, and how resources are distributed 

among them. For instance, concepts such as supply and demand,
utility maximization, and resource allocation provide valuable in- 
sights for predicting and analysing microbial behavior in response 
to various stimuli. 

In the pursuit of understanding micr obial inter actions, empha- 
sizing microeconomic analysis is hence crucial. This approach 

highlights the importance of focusing on individual behaviors and 
nteractions, without dismissing the relevance of macroeconomic 
erspectives . By wea ving together insights fr om both micr o- and
acr oeconomic lenses, r esearc hers can paint a compr ehensiv e

ictur e of micr obial dynamics, enric hing our understanding of
hese ecosystems. As such, while this paper predominantly fo- 
uses on microeconomic analysis, it acknowledges the comple- 
entary role of macroeconomic principles for microbial studies. 

icrobial market: expanding BMT to 

icr obial popula tion 

icr oor ganisms, too, enga ge in cooper ativ e actions, inter acting
ith both their hosts and other micr oor ganisms (Cav alier e et
l. 2017 ). While the notion of comparing mutualism to a mar-
et is intriguing, it is worth noting that many studies reinforc-
ng this comparison have primarily concentrated on interactions 
mong higher organisms and not microorganisms (Fruteau et 
l. 2011 ). This gap in research invites a deeper exploration into
he microbial realm, where mark et-lik e behaviors emerge despite
he absence of cognitiv e pr ocesses. As micr obial actions and re-
ponses are difficult to monitor and measure, mutualisms involv- 
ng microbial partners are comparatively underexplored. How- 
 v er, tr ade deals made by microbial partners sur prisingl y exhibit
imilar c har acteristics as observ ed in other m utualism instances
e.g. in humans and animals), including competition among mul- 
iple partners, trading in the form of cross-feeding, and even the
otential to cheat (see Fig. 1 ). This reflects the microbial popula-
ion’s intrinsic survival driv e pair ed with its opportunistic nature,

irroring the strategic dynamics seen in human interactions. 
This scenario sets the stage for evolutionary game theory, a

r ame work offering a distinct perspective to study the complex
ynamics of mutualistic interactions within the biological realm 

Traulsen et al. 2009 ). Evolutionary game dynamics bridges the gap
etween individual actions and broader biological a ppr oac hes by
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Figure 1. Sc hematic r epr esentation of the micr obial inter actions, 
depicting their opportunistic behavior. Cooperators provide products for 
the whole community by either directly releasing products or secreting 
enzymes, wher eas c heaters dir ectl y acquir e pr oducts fr om the common 
pool generated by others without contributing additional labor. 
Cooper ativ e behavior can involve cross-feeding, metabolite or enzyme 
sharing, or increasing resilience against pathogens. Figure inspired by 
Smith and Schuster ( 2019 ), Tang ( 2019 ), and Figueiredo and Kramer 
( 2020 ). 

a  

m  

b  

d  

t  

a  

g  

a  

c  

k  

i  

t  

s
 

s  

s  

i  

c  

c  

i  

g  

a  

c  

i  

i  

n  

c  

p  

o  

e  

f  

i  

h  

a  

a  

t  

s
 

c  

c  

t  

n  

t  

a  

n  

h  

p  

s  

b  

e  

p  

T  

g  

2  

w  

c  

i  

p
 

b  

a  

c  

t  

b  

a  

a  

b  

U  

m  

i  

m  

s  

p  

s  

t  

i  

p  

v  

t  

t  

2  

c  

o  

w  

m  

v  

r

C
b
E  

a  

e  

e  

f  

s  

a  

w  

p  

s

 ppl ying principles that do not r el y solel y on r ational decision-
aking. Extending the analysis of decision-making processes into

iological markets, evolutionary game theory differs from tra-
itional game theory by challenging the underlying assumption
hat all players are rational (Dong 2020 ). This deviation makes it
pplicable to studying microbial population dynamics and setting
rounds for a framework for quantitative population biology (Bak
nd Rozlach 2020 ). Like classical and evolutionary game theory,
onventional market economies assume cognitive traders as mar-
et agents (Smith 1776 ), but BMT challenges this notion by extend-
ng its application beyond animals with simple nervous systems
o micr obes, whic h, despite lac king sensory nervous systems, can
till exchange information (Noe 2006 ). 

Suc h exc hange of information is crucial, particularly when con-
idering the interactions between pathogens and viruses, whose
urvival is intricately linked to the viability of their host. During an
nfection, temper ate viruses hav e two options: either they repli-
ate and thereby destroy the host cell (lytic cycle) or they can be-
ome part of the host genome and replicate together with it form-
ng the most intricate relationship between host and virus (lyso-
enic cycle). Phages, the viruses of bacteria, were found to employ
 small-molecule communication system (arbitrium system) for
oor dinating these tw o states. For that, a communication-peptide
s produced by phages that infect Bacillus host cells . T his peptide
s sensed by further phages and if the concentration is low (small
umber of infected cells), phages will enter the lytic cycle. If the
oncentration of the peptide is rising (the majority of the host
opulation consumed) they will enter the lysogenic cycle because
therwise they would eradicate their host (Erez et al. 2017 ). Inter-
stingl y, an established l ysogen y of pha ges can be adv anta geous
or the host, too, like it is e.g. the case for Corynebacterium glutam-
cum . This bacterium contains integr ated pr opha ge elements that
arbor inter alia the genetic equipment for a defense mechanism
 gainst for eign DNA (r estriction modification system) (Frunzke et
l. 2008 , Pfeifer et al. 2016 ). In this context, phages provide addi-
ional defense to the host ensuring not only its survival but also
upporting their pr opa gation. 

Human-led trade markets rely on cognition to make trade de-
isions. Unlike traders in the traditional economic market, mi-
robes as market agents borrow, exchange, steal, and cheat; all in
he absence of thoughts, ho w e v er, not in the absence of commu-
ication. Whether market agents need to have cognition to lead
rade is a question that economists have been exploring (Suchak
nd Waal 2012 ). In the neoclassical market, it is argued that eco-
omic a gents ar e living br eathing r ational humans . For example ,
umans as rational market agents emphasize maximizing their
rofit (Johnson 2019 ). In contrast to the neoclassical theory, some
upporters of the BMT argue that cognition is not necessary. They
elie v e that the terms of exchanging goods and services can be
xplained by only considering the current value of the possible
artner and the situation at hand (Noe and Hammerstein 1995 ,
oby Kiers et al. 2003 ). According to BMT, the focus is on instant
ains rather than thinking about future benefits (Brosnan et al.
010 ), and they belie v e that adv anta geous behaviors can de v elop
ithout requiring thinking (Noe 2006 ). Ho w e v er, a gents without

ognition lack the humane feature of rationalizing their behav-
or. It is not that they lack input–output functions linking decision
roblems to choices. 

If cognition is not necessary for mark ets, mark et systems can
e applied to organisms lacking complex nervous systems, such
s microbes (Werner et al. 2014 , Noe and Kiers 2018 ). The appli-
ation of economic market systems to microbial mutualistic in-
er actions serv es as a significant test of the r obustness of market-
ased principles as a fr ame work for understanding, cooper ation
nd evolution. The socio-economic trade system provides us with
 benchmark to study what an economy looks like when it has
een shaped by natural selection for hundreds of millions of years.
ncontaminated by cognition, jealousy, hope, humane instincts,
icr obes inter act with their innate instinct of surviv al. By study-

ng microbial communities from a socioeconomic perspective, we
ight learn principles of the microbial market which have been

uccessfull y sha ped by the 4 billion y ears of ev olution. In the
r esent er a of synthetic biology, adopting a microbial market per-
pective can contribute to an enhanced understanding of the in-
ricate feedbac k mec hanisms between inter acting partners and
nspire the engineering of novel cooperative interactions . T his ap-
r oac h pr opels our compr ehension of micr obiology and also ad-
ances our knowledge of collaborative dynamics in a broader con-
ext. T hese no vel insights , often supported by de v eloped computa-
ional models of micr oor ganism inter actions (Matuszynska et al.
022 ), will support the design and construction of stable synthetic
omm unities by artificiall y combining distinct micr obial species
f choice in the future (see synthetic combination of phototrophs
ith fungi in Fig. 2 ). As both economics and biology use mathe-
atical models to abstract the complex phenomena they are in-

estigating, the next section will elaborate on how computational
 esearc h has helped both disciplines gain impetus. 

omputational modeling in economics and 

iology 

conomics and biology r el y on detailed observations in natural or
nthr opogenic envir onments and often explain them with math-
matical models simulated on computers. Mathematical mod-
ling encodes the current knowledge about a phenomenon in a
orm accessible by in silico analyses . T hrough these analyses, re-
earc hers gener ate ne w hypotheses for the mec hanisms behind
n economic or biological system, e.g. markets or microbial net-
 orks. Additionally, w ell-validated computer models can serve for
rediction-making and, thus, inform political or economic deci-
ions. 
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Figure 2. Synthetic combination of micr oor ganisms of choice. 
Micr ogr a ph of autofluorescent c y anobacteria (bright red) and the two 
fungal model or ganisms, Sacc harom yces cerevisiae (light red) and Ustilago 
maydis (gr een), gr owing in the yeast form and carrying fluorescent 
re porters. In ad dition, unlabeled hyphae of a U. maydis labor atory str ains 
ar e pr esent. T he species ha v e been artificiall y combined for micr oscopy. 
Scale bar, 10 μm. 

Figure 3. (A) Schematic representation of the RPS game applied to three 
E. coli phenotypes, wher e eac h str ategy dominates and gets dominated 
by exactly one other strategy. (B) In evolutionary game theory, each 
individual’s selection for r epr oduction and death is proportional to 
individuals’ fitnesses calculated based on two separate payoff matrices 
(her e: birth/r epr oduction and death). T he a v er a ge payoffs of eac h 
individual is calculated based on its direct neighborhood in the 
population (in a 2D game each individual has eight neighbors). (C) The 
stochastic dynamics is implemented in terms of random birth and 
death e v ents, like in the Mor an pr ocess, wher e in eac h time a r andom 

individual is chosen for reproduction and for death (Bak and Rozlach 
2020 ). (D) Simulated population evolution for given payoff matrices 
(20 000 generations) using Python package [Py]cess, assuming the Moran 
model (Bak and Rozlach 2020 ). 
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Ranging from linear and dynamic pr ogr amming used in find- 
ing optimal tr ansport r outes or analysing job search to Markov 
c hains inv estigating fiscal policy (McCall 1970 , Lucas and Stok e y 
1983 , Simc hi-Le vi et al. 2014 ), the field of quantitative economics 
a pplies a ric h mathematical theory . With this theory , quantita- 
ti ve economics dee pens our understanding of the complex hu- 
man relationships forming our econom y. Lik ewise, computational 
biology uses theoretical and numerical methods in researching 
the ecological interactions and evolution of (microbial) popula- 
tions or the metabolism in cells (e .g. T he Economic Cell Collec- 
tive 2023 ). Both disciplines share common methodologies, thus 
offering the potential for expanded knowledge exchange . T hese 
exchanges allow, for instance, the mathematical formalization of 
biological phenomena that were not possible before and provide 
original angles for new discoveries of governing principles of mi- 
cr obial gr owth and inter action (Zeng et al. 2021 ). 

For instance, the concept of resource allocation and the cor- 
responding allocation models have been successfully transferred 

fr om micr oeconomics to biology (Molenaar et al. 2009 , Dour ado 
and Lercher 2020 ). In more detail, by extending the resource al- 
location decision theory into the microbiological world, Mukher- 
jee et al. ( 2023 ) used growth law models to discover that nutri- 
ent quality reflects resource allocation decisions, and although 

shaped by evolution in specific ecological niches, these decisions 
can be quic kl y ada pted. 

A prime example in which biology overtook economic princi- 
ples is evolutionary dynamics (see section "Microbial Market: Ex- 
panding Biological Market Theory to Microbial Population" ). Ini- 
tiall y de v eloped in a pur el y human-centric context (Neumann 

and Mor genstern 2007 ), e volutionary game theory enhances pr o- 
found knowledge about ecology and ev olution b y utilizing vari- 
ous forms of mathematical models, see for example (Broom and 

Rychtář 2022 ). Evolutionary game theory simulates the dynamic 
evolution of a certain strategy of a population. Game theory 
and mathematical economics provide well-studied strategic sce- 
narios, such as Prisoners’ Dilemma (Kuhn 2019 ) or r oc k–pa per–
scissors (RPS) (Czárán et al. 2002 , Kerr et al. 2002 , Neumann and 

Morgenstern 2007 ), that can be used further to study the fitness 
outcomes of interactions between subpopulations in biological 
ontext. For example, finding the Nash equilibrium allows model- 
ng economic behaviors that maximize outcomes for each player 
egardless if it is a microbe or an economic agent. Although the
conomic predictions of various strategic scenarios are challeng- 
ng to be tested empirically (Karlan 2005 , Wang et al. 2014 , Hoff-

an et al. 2015 ), more field evidence supporting game theory pre-
ictions emerge (Batzilis et al. 2019 ), including biological evidence

n vivo (Kirkup and Riley 2004 , Nahum et al. 2011 ). Similarly, as
n social sciences, where RPS game is used as a model system
or studying decision-making of human-subjects in noncooper- 
tiv e str ategic inter actions (Cook et al. 2012 , Wang et al. 2014 ),
ame theory provides valuable insights into the mechanisms of 
nter action among Esc heric hia coli str ains, suggesting a structur ed
ynamic akin to the RPS model, where each strategy dominates
nd gets dominated by exactly one other strategy (Czárán et al.
002 , Kerr et al. 2002 , Neumann and Morgenstern 2007 ). In this
odel, three E. coli phenotypes—resistant (R), producer (P), and 

ensitiv e (S) str ains—enga ge in a cyclic inter action, wher e eac h
train has a predictable advantage over one and a disadvantage
gainst another (Fig. 3 A). Specifically, colicin-producing (P) strains 
ill sensitive (S) strains, which outcompete resistant (R) strains,
hich in turn out-compete producer (P) strains. Kirkup and Ri-

ey ( 2004 ) provide experimental evidence suggesting that interac-
ions do not simply lead to the exclusion of one or more strains
ut rather can promote strain diversity through dynamic equilib- 
ia. The anta gonistic r oles of colicins and potentiall y other bacte-
iocins maintain microbial diversity, providing a practical confir- 
ation of game theory predictions in microbial communities. In 

ig. 3 , we provide a schematic representation of an evolutionary
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ame theory using a RPS game and results of numerical simu-
ations performed in Python using pac ka ge the [Py]cess, a theo-
 etical fr ame work for scientific sim ulations with Mor an pr ocess
Moran 1958 ), a simple stochastic process describing finite pop-
lations (Bak and Rozlach 2020 ). We believe that availability of
uch open-source general frameworks for quantitative utilization
f evolutionary game theory strategies will contribute to a wider
pplication of these models to studies of microbial community
ormation and dynamics. 

Biology contributed to mathematical economic theory as well
y inspiring genetic and evolutionary algorithms (Goren et al.
010 , Dr ac hal and P a włowski 2021 ). T hese algorithms ar e fr e-
uently used to solve problems in operational research and sup-
l y c hain mana gement, e.g. in Altiparmak et al. ( 2006 ). Evolution-
ry computation is not limited to oper ational r esearc h. Another
pplication of genetic algorithms is finding the best r egr ession
odel and parameters to forecast economic agents’ expectations

or the de v elopment of macr oeconomic v ariables, suc h as a coun-
ry’s GDP (Claveria et al. 2019 ). Researchers can use these regres-
ion models to investigate the effects of global crises. Addition-
ll y, r esearc h indicates that incor por ating biological input might
e critical for machine-learning approaches to economics. Ma-
hine learning algorithms that use biological-inspired optimiza-
ion pr ocedur es hav e been found to be better suited for economic
roblems than other machine learning techniques not making a
onnection to how biological organisms are formed by natural se-
ection (Lazebnik et al. 2023 ). 

The biological theory of evolution is incr easingl y (with car e) be-
ng applied to understanding human behavior as economic and
olitical agents (Witt 2015 ). This connection led to disciplines such
s evolutionary economics. We can distinguish between a broad
nd narrow use of evolutionary theoretical concepts for describ-
ng economies. 

In a br oad sense, an y system that adapts to changing con-
itions can be described using evolutionary terms. An example

s the adaptation of economies viewed as dissipative structures
o external factors. Dissipative structures are dynamic systems
ar from equilibrium that need constant energy and material in-
ut to be maintained. Mathematical techniques from dynamical
ystem theory can describe how economies, as dissipative struc-
ur es, ada pt and c hange their basin of attraction. A basin of at-
raction is a set of (initial) system (here economic) states from
hich a dynamic system would conv er ge to an attractor (a strict

onv er gence, ho w e v er, to an attractor is not required in dissi-
ative systems). External factors (environmental conditions that

ead to resource limitations and, thus, new prices of goods) can
hange the numbers , shapes , and locations of the basins of at-
raction in the phase space of the system and the economy will
ollow another dynamic accordingly. This adaption (different dy-
amic corresponding to changes in the phase space) can be com-
ared with ev olution. Ho w ever, care must be taken since evolu-
ionary terms mostly speak of populations and not of a single
ntity, such as an economy [see Heinrich ( 2017 ) for a broader
iscussion]. 

The narr ow a ppr oac h to a ppl ying e volutionary concepts in eco-
omics is to treat an economy as a population of companies that
 volv e thr ough imitation and innov ation (Heinric h 2017 ). Using
 gent-based models, e volutionary economic a ppr oac hes could de-
cribe economic growth and include insights into population dy-
amics of resources (Geisendorf and Klippert 2022 ) or human be-
avior in their simulations (Heinrich 2017 ). 

Other usages of biological thoughts have been critical for find-
ng a production function of agronomic output in connection to
tudying the profitability of farming and fishery (Tschirhart 2012 ).
iology helps to choose the right function that is essential for de-
ermining the production of goods and their value on the corre-
ponding markets. 

Inter pr eting micr obial comm unities in the context of the mi-
robial market will increase the easy interdisciplinary exchange
etween both biological and economical, computational commu-
ities by finding a common language that facilitates collaboration.

The fact that micr obial comm unity members exc hange
etabolites encour a ges comparing micr obes with economic

gents on markets . T he following section elaborates on how mi-
r obial comm unities can be described as biological markets using
 ell-kno wn economic concepts, such as cooperation and compe-

ition. 

icr obial comm unities as biological 
arkets and microbes as economic agents 

 substantial portion of the Earth’s microbial life thrives within
omplex comm unities, wher e metabolic exc hanges ar e crucial.
icrobes participate in the trading of essential resources, includ-

ng a variety of metabolites such as essential amino acids , sugars ,
atty acids, and coenzymes, to facilitate their growth. When both
nter acting micr obial partners hav e a say in whether they want
o cooperate or not, it is similar to how humans make choices in

arkets thr ough tr ade (Noe and Hammerstein 1994 , 1995 ). Ther e-
ore, in this section, we will a ppr oac h micr obial comm unities as
iological markets and view microbes as economic agents, aim-

ng to explore their dynamics of cooperation and competition for
etabolites in pursuit of growth or survival. We ha ve dra wn par-

llels between the economic markets and microbial markets in
able 2 and provided several examples from the literature where
icr obes ar e tr eated as economic a gents in Table 3 . 
A prime example of a very resilient microbial marketplace

s lichens—a symbiotic association between different fungi (the
ycobiont) and photosynthetic partners r epr esented by algae or

 y anobacteria (the photobiont; Fig. 4 ). These symbiotic associa-
ions have been proven evolutionary successful and survive under
arsh conditions, exemplified by the fact that lichen even grow in
he slightest cr ac ks of pavement or on rocks, and endure extreme
nvironmental conditions (Oksanen 2006 ). Since lichen cannot be
rown in the laboratory by simply mixing single partners, research
ostl y r elies on studying lic hen isolated fr om natur e. It is well es-

ablished that the photobiont converts sunlight and CO 2 to assim-
lates. According to the nutritional model, either glucose or poly-
ls are then put onto the marketplace and are used to sustain
he mycobiont’s growth. In turn, the mycobiont provides shelter
nd protection for the photobiont, for example enhancing the re-
istance against UV, predators, and drought (Nazem-Bokaee et al.
021 , Pichler et al. 2023 ). 

Se v er al studies hav e alr eady a pplied economic principles in mi-
robiome science, contributing to a comprehensive understand-
ng of microbial interactions and ecological dynamics. Werner
t al. ( 2014 ) have expanded the framework of BMT to assess its
 ele v ance to evolutionary biologists studying microbes . T he au-
hors hav e explor ed differ ent economic str ategies that micr obes
se to enhance their success in these biological markets . T hey
ave shown that embracing an economic market framework pro-
ides a valuable tool for making precise and intriguing predic-
ions about microbial interactions . T his includes aspects like the
e v elopment of partner discrimination, strategies for resource
ccum ulation, c hoosing between specialized and diversified
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Table 2. The table exhibits a comparison of an economic market to a microbial market from the lens of key market dynamics. 

Key market dynamics Economic market Microbial market 

Agents Human, institutions, government, trade 
unions, and so on 

Microbes 

Goal of trade Maximize profit, economic growth, market 
expansion, diversification, and so on 

Maximize biomass and growth rates 
(short-run), survival and resilience 
(long-run) 

Commodities Desired goods and services Goods (metabolites) and services (growth, 
r esistance, r epr oduction, and pr otection 
fr om pr edators) 

Decision-making instinct Rationality, cognition, greed, selfishness, 
egoism, irrationality, altruism, information 
asymmetry and uncertainty, and so on 

Survival and fitness adv anta ge 

Determinant of purchasing 
capacity 

Price of the good, income, savings, credit and 
loans availability, inflation rate, and so on 

Metabolic ca pacities, ener gy cost, and 
signaling 

Criteria for choosing partners Price, quantity and quality, and proximity Compatibility, gained benefit, 
complementarity, natural selection, and 
niche 

Table 3. Findings from existing literature reflecting microbes as economic agents. 

Agents of microbial market Main findings Rele v ant economic principles Ref 

Arbuscular mycorrhizal 
fungi—plant mutualism 

Plants and fungi have the capacity 
to distinguish between good and 
bad trading partners and respond 
by preferring interactions with 
partners that offer more 
adv anta geous exc hanges 

Partner selection and market 
pr efer ences, r esource allocation and 
efficient transactions, maximizing 
profit, risk assessment and 
adaptability, and so on 

Noe and Kiers ( 2018 ) 

Mycorrhizal fungi Inequality shapes trade patterns 
within fungal networks, as fungi 
capitalize by prioritizing resource 
movement to high-demand areas 

Exploitation of market disparities, 
r esource distribution, suppl y and 
demand, trade and exchange 
mechanisms, and so on 

Whiteside et al. ( 2019 ) 

Mycorrhizal fungi and host 
roots 

The fungus regulates phosphorus 
transfer to host plants by adjusting 
its allocation strategy based on 
r esource av ailability. During 
resour ce scar city, it shifts 
phosphorus transfer from 

alternative pools closer to the root. 
Conv ersel y, during r esource 
abundance, it stores surplus 
phosphorus, releasing it when root 
demand increases 

Supply and demand, scarcity, market 
equilibrium, ada ptiv e efficiency, 
savings and investment, risk 
mana gement, economic r esilience, 
and so on 

Padje et al. ( 2021 ) 

Lichens (fungi and algae) Lic hens, thr ough symbiotic 
relationships between fungi and 
algae, demonstrate a market, 
wher e pol yols play a critical r ole in 
r esource exc hange . T his dynamic 
reflects a multiplayer marketplace 
of r e w ar ds and penalties, driving 
symbiont selection and 
diversification 

Mark et di v ersification, r esource 
exc hange, symbiotic m utualism, 
competitive and cooperative 
interactions, and so on 

Kranner et al. ( 2022 ) 

Lichen symbiosis Lichen symbioses illustrate a 
complex marketplace of goods and 
services exchange between fungus 
and phototrophs, enabling lichens 
to thrive in diverse and extreme 
environments by utilizing mutual 
benefits and adaptations for 
surviv al, suc h as desiccation 
resistance and nutrient exchange 

Resource Allocation and efficiency, 
adaptation to environmental stress, 
specialization, trade-offs, and so on 

Spribille et al. ( 2022 ) 
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Figure 4. (A) Picture of a Peltigera lichen growing on a rock close to Dusseldorf, Germany. (B) Microscopic view on the structure of a lichen in a thallus 
intersection. Blue, mycobiont stained with calcofluor white; gr een, c hlor ophyll autofluor escence of the photobiont cells. (C) Simple sc hematic 
r epr esentation of lichens as a microbial marketplace, where trading of different goods and services is exhibited to support the resilience of the 
symbiotic association. 
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utualistic services, and the importance of spatial configurations
uch as groups and collaborations. As a result, studying the evolu-
ionary dynamics of microbial systems holds great potential. Ap-
lying BMT can efficiently shape and guide research in this field by
ighlighting the strategic investments microbes make in different
onditions. 

Tasoff et al. ( 2015 ) have expanded BMT by constructing a frame-
ork grounded in the principles of general equilibrium theory

GET) from economics. According to GET, markets and other eco-
omic systems dynamically evolve and interact with each agent

ndependently optimizing their consumption, production, and ex-
hange decisions . T his optimization pr ocess ensur es ther e is no
xcess supply or scarcity of goods at the current price. Apply-
ng this fr ame work to micr obial ecosystems enga ged in r esource
xchange allows the forecasting of population dynamics . T he
tudy provides insights into metabolite production, allocation,
nd the immediate growth benefits associated with microbial
r ade; gr ounded in the growth requirements, metabolic abilities,
nd intercellular transport rates of each microbial species . T hese
nsights are relevant for understanding microbial ecology and en-
ineering synthetic communities. 

Micr obes gener ate essential metabolic r esources for surviv al,
ith some escaping into the surr ounding envir onment, cr eating
hat is termed ‘leaky microbial trade.’ Other microbes utilize

hese ‘leaked’ r esources, ada pt their metabolic pr oduction accord-
ngly, and influence the resource pool available to all. Kallus et
l. ( 2017 ) have examined a model that explores the coevolution
f metabolite concentr ations, pr oduction r egulation, and popula-
ion frequencies. In this scenario, two types of cells produce two
istinct metabolites (Kallus et al. 2017 ). Within this model, the au-
hors point out paradoxes where increased efficiency in metabo-
ite pr oduction par adoxicall y may decr ease an or ganism’s popu-
ation frequency and interventions to enhance growth rates can
esult in lo w er overall gro wth. These paradoxes sho w the intri-
ate dynamics that emerge within e v en the simplest microbial
conomies, demonstrating that, akin to human economies, micro-
ial ones are opportunistic, with ‘free riders’ lurking around the
orner. 

Despite the complex dynamics observed in microbes, the en-
urance of microbial networks relies on their inherent resilience.
n tr aditional tr ade markets, dominance by a single entity, such
s a large corporation like Amazon, can lead to market instabil-
ty. This is because too m uc h dependence on one entity makes
he market vulnerable to any issues that affect that entity (Rikap
022 ). On the other hand, micr obial comm unities thriv e on div er-
ity and resilience . T his resilience is akin to the economic stabil-
ty observed in Germany during the 2008 financial crisis because
he country had many medium-sized companies that were less
 eliant on cr edit and mor e ada ptable to c hange (Sc hindler 2013 ).
imilarl y, in micr obial markets, r esilience is not about ac hie v-
ng immediate dominance or maximizing biomass production in
he short term. Instead, it is about ensuring long-term stability
nd surviv al thr ough r egulated cell division and resource sharing.
or example, micr oor ganisms in extr eme envir onments, suc h as
hose found in high-altitude mountainous r egions, demonstr ate
 emarkable r esilience by ada pting their gr owth r ates, with cell di-
ision for instance in snow samples taking up to about 100 days
Sattler et al. 2001 ). This slo w gro wth r ate is an a ppr oac h not for
mmediate expansion, but rather for maintaining stability and
ongevity in harsh conditions. Such microbial survival instinct
ighlights the importance of resilience in biological markets. It
oints out that ac hie ving an optimal state is not mer el y about
 a pid gr owth or dominance, but about creating a balanced and
ustainable ecosystem where various entities coexist and cooper-
te. Integrating this perspective of microbial resilience offers valu-
ble insights into how economies might be structured for long-
erm stability and sustainability, emphasizing the role of diversity
nd adaptability over dominance. 

Even though the microbial world has e volv ed m uc h longer
han the human world and thus well-established communities
uch as soil or gut microbiomes are considered more balanced
nd more resistant to slight disturbances, similar crises like the
entioned financial crises are happening among them. Various

athogen attacks can drastically disturb the composition of the
icrobiome, leading, in the most severe case, to death of the host

Gagliardi et al. 2018 ). Interestingly, recent evidence shows that
ur own microbiome continues to live on after our death. Gut
acteria, especially a class of microbes called Clostridia, spread
hrough the organs and digest us from the inside out in a pro-
ess called putrefaction (Keenan et al. 2023 ). Crises occur steadily
n the microbial world on a less drastic scale, and those mi-
r obes hav e to ada pt to ne w envir onments and ne w conditions of
r ading constantl y. Ther e ar e dr astic natur al influences for crises
n the microbial market but also human-made ones. A stable
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phototrophic consortium that is trading nutrients based on the 
photosynthetic activity of the photobionts are heavily impacted 

by the immediate lack of sunlight for example . T her efor e, we be- 
lie v e that it is not crucial for the evolutionary scale of microbial 
and human markets to be entir el y identical in order to make a 
comparison. 

Building upon the exploration of microbial resilience and its 
parallels with economic principles, the following section transi- 
tions to examining the impact of location on microbial interaction 

and growth across varied systems. 

Spatial economics of microbial interaction 

One pivotal question within the market economy r e volv es ar ound 

the geogr a phical concentr ation of economic tr ade. Wher e will 
firms and industries locate, relocate or sta y? T he spatial position- 
ing of economic endeavors holds significance not only in terms of 
resource mobilization but also in profit generation, import–export, 
public expenditure, urbanization, and pollution (Hanson 2001 ). 
Understanding the rationale behind geogr a phical concentr ation 

is instrumental, as it sheds light on k e y aspects of international 
trade and growth. 

Building upon this spatial economic context, the Hec ksc her–
Ohlin model, known as factor-endowment theory, introduces the 
perspective that the production location is determined by a na- 
tion’s abundant factors . T he country tends to export goods that 
r el y on factors of production that are relatively abundant nation- 
ally, while it imports goods requiring factors that are scarce do- 
mestically (Negishi 2001 ). Despite assuming identical production 

functions across all nations, the model posits that for industry lo- 
calization, the production costs, based on pr e v ailing factor prices,
must be lo w er than in other regions or countries. In essence, cer- 
tain factors ar e mor e cost-effectiv e domesticall y, ther eby enhanc- 
ing the return to scale. 

Further exploring the implication of proximity, one rationale 
for firms’ spatial a gglomer ation is rooted in location specific ex- 
ternalities . P ositiv e externalities ar e beneficial consequences of 
activities that spill over to other entities that are not dir ectl y in- 
volved in those activities . T his is particularly evident in efficient 
transportation costs that create location-specific externalities. As 
the impact of external effects weakens with distance, there is a 
str ategic incentiv e for a gents to cluster together, ther eby r ea ping 
an enhanced return to scale (Hanson 2001 ). 

Suc h an enga gement in the exc hange of information to en- 
hance collective fitness also concerns microorganisms. Bacterial 
communication is essential for coordinating behaviors that re- 
quire a ‘critical mass,’ such as the production of bioluminescence 
or the colonization of a host during infection. Bacterial quorum 

sensing describes the underl ying principle, wher ein bacteria r e- 
lease signaling molecules called autoinducers into their environ- 
ment. As the bacterial population density increases, the concen- 
tration of these molecules rises, allowing bacteria to sense their 
collecti ve n umbers and orc hestr ate sync hr onized gene expr es- 
sion for specific beha viors , including biofilm formation or viru- 
lence (Mukherjee and Bassler 2019 ). Staphylococcus aureus infects 
the human host through, e.g. a defective skin barrier, establish- 
ing a biofilm when found at low cell densities. Upon getting high 

cell densities, the concentration of a constantly expressed autoin- 
ducer exceeds a critical value, triggering the bacterial cell popu- 
lation to stop the biofilm formation while starting the expression 

of colonization and virulence factors, to finally occupy within the 
host (Yarwood and Sc hlie v ert 2003 ). Inter estingl y, quorum sens- 
ng also allows interdomain interactions between bacteria and 

iruses (Dud d y and Bassler 2021 ) or also bacteria and human cells
Wu and Luo 2021 ) demonstrating its significant fitness relevance
n diverse contexts. 

Ec hoing the adv anta ges of spatial a gglomer ation, urban and r e-
ional economists emphasize the link between scale economies,
nowledge spillov er, and geogr a phical concentr ation. Henderson
 2003 ) posits that a gglomer ation economies benefit fr om positiv e
pillovers among firms colocated in the same geographical area.

hile individual firms operate under perfect competition and per- 
eive constant returns to scale, the aggregation of economic activ-
ties generates externalities that enhance the productivity of all 
rms within a specific industry sharing a common geogr a phical

ocation. Marshall ( 1920 ) suggests that the geogr a phic clustering
f firms fosters learning and the exchange of ideas among agents.
he presence of localized externalities implies that firms exhibit 
 pr efer ence for pr oximity to substantial a gglomer ations of other
rms within their industry or related sectors . T his leads to the
mergence of an urban hierarchy, wherein cities specialize in dif-
erent industries, and the size of cities is dictated by the magni-
ude of their r espectiv e export activities. In this way, the concen-
ration of industries enhances the productivity of all firms within
he same local industry, while the clustering of labor increases the
roductivity of local workers, irr espectiv e of their specific indus-
ry. 

Silicon Valley exemplifies how a tech cluster fosters a dynamic
n vironment for inno vation. T he proximity of tech giants like
oogle , Apple , and Facebook attracts skilled professionals and fos-

ers a culture of knowledge sharing, competition, and collabora- 
ion (Atkin et al. 2022 ). This concentration of talent and resources
riv es innov ation, dr awing in entr epr eneurs and r einforcing Sili-
on V alley’ s position as a global tec h hub. Consequentl y, the r e-
ion benefits from positive externalities of spatial agglomeration,
uch as a rich pool of skilled workers, shar ed infr astructur e and
ncr eased pr oductivity, making it an attr activ e destination for tec h
ompanies and professionals. 

Micr obes liv e in densel y pac ked, spatiall y structur ed comm uni-
ies . Hence , the question arises: how does spatial structure affect

icrobial beha viors? T he structured en vironment of biofilms rep-
esents a ubiquitous feature of microbial life. Biofilms are defined
s a ggr egates or consortiums of cells sticking to each other em-
edded in an extracellular matrix. This biofilm barrier can sup-
ort collectiv e pr otection a gainst envir onmental issues, like an-
ibiotics , predators , or the human immune system. For the hu-

an pathogens E. coli or Pseudomonas aeruginosa it was shown that
 larger size of the biofilm-associated bacterial a ggr egates is ben-
ficial to overcome the elimination through engulfment (phago- 
 ytosis) b y human immune cells (leuk ocytes), compar ed to an
ndependent, lone cell (Alhede et al. 2020 ). Beyond that, the hu-

an pathogen Vibrio cholerae can form biofilms on the surface of
uman imm une cells, whic h enables a collectiv e killing of these
ue to a high local concentration of a secreted toxin (hemolysin),
nd thereby escaping the host immune response (Vidakovic et al.
023 ). 

Regarding spatial structure, the mentioned lichens exhibit a 
nique mor phology, wher e fungal hyphae form a complex net-
 ork, kno wn as the thallus, that encases and interacts with the
hotosynthetic cells of the photobiont and provides a structural 
caffold and shelter. This close integr ation r esults in a composite
rganism with distinct la yers , pro viding an efficient mechanism
or the described nutrient exchange and environmental adapta- 
ion (Pichler et al. 2023 ). 
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ompar a ti ve ad vantage: an insightful 
oncept for studying tr ade, specializa tion, 
nd cooper a tion 

ne of the most valuable takea wa ys for biologists from the field
f economics is the concept of compar ativ e adv anta ge. According
o the classical Ricardian model (Ricardo 1821 ), countries benefit
r om tr ading r ather than pursuing complete self-sufficiency. He
dvises nations to specialize in goods with a compar ativ e adv an-
age, determined by a low opportunity cost (the value of what is
iven up). This strategic focus on efficiency in production allows
ountries to participate in international tr ade, exc hanging their
pecialized goods for those with higher opportunity costs. Ulti-
atel y, enga ging in trade between entities or nations enhances

v er all output and consumption beyond what domestic activities
lone would ac hie v e. 

Compar ativ e adv anta ge finds a compelling parallel in microbial
omm unities, wher e m utuall y beneficial tr ade r elationships can
merge when individual species face limitations in independently
enerating essential resources. For instance, in the absence of
r ade (autarky), eac h micr obial species expends a significant por-
ion of its resources to produce metabolites with low productivity.
o w e v er, with tr ade, species can acquir e these less efficientl y pr o-
uced metabolites from their microbial partners, allowing them to
llocate mor e r esources to pr oducing the metabolites they excel
t. This role optimization enhances ov er all pr oductivity, benefiting
he entir e micr obial population. Giv en the div erse metabolic ca pa-
ilities of differ ent micr obial species in a community, the principle
f compar ativ e adv anta ge likel y plays a key role in shaping micro-
ial population dynamics by influencing the exchange of various
etabolites (Tasoff et al. 2015 ). This concept of specialization and

xchange in microbial ecosystems serves as a biological mirror
o the economic principle of compar ativ e adv anta ge, illustr ating
ow e v en in natur e, entities can deriv e m utual benefit fr om focus-

ng on their strengths and r el ying on others for their weaknesses.
Tr ansitioning fr om this ecological form of economic theory,

he Black Queen Hypothesis further exemplifies the principle of
ompar ativ e adv anta ge thr ough the lens of evolutionary biology.
t posits that within a micr obial comm unity, certain members

ay e volv e to lose the ability to pr oduce specific c hemicals or r e-
ources that are essential for their survival but costly to produce.
 hese resources , when pr oduced by other comm unity members
nd released into the environment, become available for all, in-
luding those who no longer produce them. This process of reduc-
iv e e volution—losing the genes for costly functions when they
r e unnecessary—mirr ors the economic str ategy of outsourcing
ess efficient production to partners with a comparative advan-
a ge (Jeffr ey Morris et al. 2012 , Jeffrey Morris 2015 ). 

T hus , the Black Queen Hypothesis not only helps to explain
he efficiency of specialization within microbial networks but also
ighlights a striking parallel to the benefits of trade and role op-
imization adv ocated b y compar ativ e adv anta ge. By for going the
roduction of certain metabolites, these microbes conserve en-
rgy and resources (Jeffrey Morris et al. 2014 ), which can then be
 edir ected to w ar d functions they perform mor e efficientl y. This
tr ategic r eduction and nic he differ entiation enhance the com-
 unity’s ov er all pr oductivity and r esilience, demonstr ating how

rinciples of compar ativ e adv anta ge can manifest in both the eco-
omic and biological realms to drive mutually beneficial relation-
hips and specialization. 

Among microbial communities, it is frequently observed that
e v er al or ganisms do not synthesize particular metabolites essen-
ial for their growth (auxotrophy), but rather rely on cross-feeding
Yu et al. 2022 , Kost et al. 2023 ). It was shown that such cross-
eeding is less constricting but rather broadens the metabolic
iche space of interplaying bacterial populations (Ona et al. 2021 ),
omparable to Ricardo’s numerical example (Ricardo 1821 ). In the
ermented milk-drink kefir, obligate metabolic interactions be-
ween se v er al micr obial species enabled their long-term coexis-
ence . T he dominant species , Lactobacillus kefiranofaciens , can not
row alone on milk but relies on nutrients provided by other mem-
ers of the community. In turn, it contributes to establishing a
olymeric matrix that improves the survival of other members of
he collective (Blasche et al. 2021 ). 

The next section of the paper addresses the context in which
icr obes ar e pr oducing public goods and cooper ating for collec-

ive fitness at the cost of their resources and energy. 

nterpretation of altruistic microbial 
nter actions thr ough the socio-economical 
ens 

epending on environmental conditions and selective forces, mi-
robial species may maximize either their r elativ e abundance or
he comm unity’s gr owth r ate (Kallus et al. 2017 ). For instance, let
s consider a scenario involving the race of carbons within the mi-
r obial comm unities. Depending on the method of sucrose diges-
ion, the microbial species are divided into subgroups . T he pub-
ic metabolizers generate glucose by secreting in vertase , an en-
yme catalysing the external breakdown of sucrose into glucose
nd fructose in the common pool. On the other hand, cheaters
impl y exploit av ailable glucose fr om the common pool without
ontributing to the enzyme (Gore et al. 2009 , Chen et al. 2021 ). 

This scenario is perplexing for economists, as it contradicts
rofit maximization and leads to questions: Why do the public
etabolizers generate nutrients for others at the cost of their en-

ymes and energy? Do these public metabolizers have a selfless
oncern for others within the community? As microbes lack com-
lex emotions and consciousness, what drives them to conduct
uch altruistic initiatives? Can it be that the presence of cheaters
mpacts the ov er all fitness and survival of the microbial ecosys-
em, including the public metabolizers? 

Cor por ate social r esponsibility (CSR) pr ojects of firms offer a
aluable analogy to interpret the altruistic involvement of mi-
robes . CSR in volves a company’s philanthropic actions for pos-
tive social impact, environmental sustainability, and improving
he well-being of stak eholders be yond its immediate financial
ains (Maon et al. 2021 ). Such CSR activities go beyond a com-
any’s legal obligations, embodying a commitment to contribute
ositiv el y to society, akin to ‘cor por ate citizenship’ (Kumar et
l. 2022 ). In the digital a ge, tec hnology giants (e .g. Google , Ama-
on, and Facebook) have come under scrutiny for their a ggr essiv e
arket str ategies, r aising concerns about monopolistic behaviors

nd market dominance (Rikap and Lundvall 2022 ). For example,
oogle’s acquisition of Waze, a competitor to Google Maps, high-

ights the company’s strategy to consolidate its position in the dig-
tal mapping and navigation sector (Demers and Yemen 2017 ). 

Amidst criticism, these cor por ations allocate profit to CSR
r ojects, demonstr ating their commitment to utilizing their tech-
ological strengths and resources for public benefit (Maon et al.
021 ). Google , for instance , leads in en vironmental sustainabil-
ty, ac hie ving carbon neutr ality in 2007 and matc hing 100% of its
lobal electricity use with r ene wable ener gy purc hases since 2017
 Carbon-fr ee ener gy ). In addition, Google’s ‘Gr ow with Google’
r ogr am exemplifies using its resources to offer educational
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opportunities, fr ee tr aining, and tools to help people grow their 
skills , careers , or businesses ( Get the required skills for the chang- 
ing landscape ). This program is particularly aimed at communi- 
ties that are under-represented in the technology sector, thereby 
addressing social inequalities and enhancing w orkfor ce diversity. 

This commitment to social responsibility prompts a crucial 
question: Why do cor por ations inv est in CSR, allocating a por- 
tion of their profits to community welfare, and more importantly,
what do they gain from such endeavors? In the globalized cor- 
por ate landsca pe, wher e national boundaries blur, tec hnological 
advances and competition have condensed time and bridged dis- 
tances. In this e volv ed cor por ate scenario, businesses ar e keen on 

enhancing their profit management and risk mitigation strategies, 
along with safeguarding their brand reputation. Globalization has 
also intensified the competition for acquiring talented emplo y ees,
securing in vestments , and winning consumer lo y alty. The w ay a 
compan y enga ges with its emplo y ees, serv es the comm unity, and 

presents itself in the marketplace is pivotal for ensuring its long- 
term business viability. Engaging in CSR projects strengthens a 
compan y’s ima ge and boosts emplo y ee morale, fosters customer 
lo y alty , and ultimately , increases market demand for its products 
(Wang et al. 2015 ). Ther efor e, enga ging in community-focused ini- 
tiatives is not just philanthropy but a strategic investment for 
long-term profitability in today’s global market. 

In microbial markets, the behavior of public metabolizers, who 
partiall y priv atize glucose while sharing the r emainder with their 
comm unity, mirr ors CSR pr actices in the socio-economic con- 
text. This raises the question: Do cheaters occupy a crucial niche 
within micr obial comm unity dynamics? Consider the fermented 

food scenario involving L. kefiranof aciens , whic h cannot gr ow alone 
in milk. It is provided with energy and several essential metabo- 
lites from other species in kefir and with that becomes the domi- 
nant species within this community. At first glance, this behav- 
ior may seem pur el y par asitic. Ho w e v er, a deeper investigation 

r e v eals that indeed, the establishment of a stable community 
in kefir relies not only on the cheating of L. kefiranofaciens , but 
in turn, this bacterium generates a beneficial polymeric matrix.
This guarantees the survival and the reproduction of the further 
metabolite- and ener gy-pr oviding bacteria within the community 
(Blasche et al. 2021 ). Within microbiomes, several interactive net- 
works can be found, exchanging metabolites, energy, and further 
to contribute to a collective fitness and from a broader perspec- 
tive, this can be concluded as cooperative. 

Understanding these microbial interactions offers valuable 
lessons about the broader principles of economics and the im- 
portance of holistic analysis. In both economics and microbiology,
analysing a single factor in isolation fails to ca ptur e the complete 
pictur e. A compr ehensiv e e v aluation of all elements and demands 
within a community is necessary to grasp how it functions effec- 
tiv el y. Suc h an a ppr oac h r e v eals the complex network of interac- 
tions and dependencies essential for success and surviv al, a ppli- 
cable to both natural ecosystems and economic systems. 

Hence, rethinking the community assembly through a socio- 
economic lens can be insightful in comprehending coexistence 
and collective fitness in the natural ecosystem. 

Risks of employing economic principles to 

study biological science 

While employing economic fr ame works in biology can offer valu- 
able insights and a structured analytical approach, there are in- 
erent risks in extending economic concepts to the complexities 
f biological systems. 

inguistic risks in interdisciplinary research 

erging concepts from other disciplines often entitles borrow- 
ng new terminology. While such terminology may seem conve- 
ient due to its familiarity, it can lead to confusion or misconcep-
ions, especially if the borro w ed term holds different meanings or
onnotations in its original context. The risk of misinter pr etation
rises from the inherent differences in conceptual frameworks 
nd terminologies across disciplines. In Table 4 , some examples of
hared vocabulary with different meanings in their r espectiv e dis-
iplines have been pro vided. T his comparison highlights the im-
ortance of recognizing context-specific meanings when encoun- 
ering shared terminology across interdisciplinary studies. 

The tendency to r epur pose existing w or ds in novel contexts
ikely arises from the adaptability and flexibility of language (Gib-
on et al. 2019 ). Language is a dynamic and evolving system, and
peakers often cr eativ el y r euse w or ds to conv ey ne w ideas or
da pt to c hanging circumstances . T his linguistic phenomenon al-
ows for a more efficient and r esourceful comm unication system,
s speakers can draw on familiar terms to express novel concepts.
dditionall y, the r euse of w or ds in different contexts facilitates

he evolution of language o ver time , contributing to its richness
nd versatility (Piantadosi et al. 2012 ). Studying various papers
n economics and biological science, we hav e observ ed that both
elds employ similar terminologies, yet these terms carry distinct 
eanings . For example , the term ‘public good’ is commonly used

oth in economics and biological science, yet it carries different
efinitions within each discipline (Table 4 ). In economics, a pub-

ic good is c har acterized by its nonriv alry and nonextrudability
ature (Candela and Geloso 2019 ), meaning it can be consumed
 y any one without diminishing its availability to others. In con-
rast, within the biological context, a public good refers to a re-
ource or trait that benefits all members of a community (Ozkaya
017 ), irr espectiv e of individual contribution. On the other hand,
he economic definition of a common good is one that is both ri-
 alr ous and nonexcludable (Crespo 2016 ). This distinction in the
efinition of ‘public good’ highlights the need for accuracy and
ontextual understanding in interdisciplinary con versations , en- 
uring that common terminology enhances rather than obscures 
he clarity of communication. 

isk of misinterpretation through 

nthropomorphism 

conomics, as a discipline, is centered around human behavior,
arkets , and societies . Using economic principles to study mi-

r obial inter actions may impose an anthropocentric bias by as-
uming that microbes think and act like humans. When we ap-
l y economic jar gon like ‘exc hange’ or ‘negotiate’ to micr obes,

t unintentionally anthropomorphizes them by attributing hu- 
an c har acteristics to nonhuman entities. Micr obes and plants

ollow survival instincts and evolutionary patterns, not human- 
ike conscious decision-making or economic reasoning. This an- 
hr opomor phic lens can mislead us into oversimplifying micro-
ial behavior, ignoring the complex biochemical and ecological 
echanisms that underlie these interactions (Mota-Rojas et al.

021 ). 
The example of quorum sensing demonstrates how using 

conomic concepts to describe microbial behavior can lead to 
isunderstandings about the nature of microbial life. Bacte- 

ia comm unicate thr ough these c hemical signals to coordinate
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Table 4. A list exhibiting shared vocabularies having different meanings in economics and biological science. 

Terms Economics Biological science 

Public good A good that is nonexcludable and 
nonrivalries (Candela and Geloso 2019 ), 
meaning individuals cannot be excluded 
from its use, and usage by one agent does 
not diminish its availability to others. 
Example: public road 

Often refers to molecules produced by an 
individual that become available to other 
neighboring individuals (Ozkaya et al. 2017 ); 
the produced good benefits the entire 
population or group, enhancing the survival 
and r epr oduction of individuals, but their 
acquisition by one agent diminishes the 
ov er all av ailability 

Common good The produced good benefits the entire 
population or group, enhancing the survival 
and r epr oduction of individuals, but their 
acquisition by one agent diminishes the 
ov er all av ailability (Cr espo 2016 ) 

Common good and public good—these 
terms are used interchangeably in biology. It 
refers to resources or benefits that are 
shared by a community (Borges and Santos 
2021 , Morabia 2020 ) 

Fitness Effectiveness of a strategy or decision in a 
competiti ve mark et (Ma et al. 2022 ) 

Although numerous definitions of fitness 
have been introduced (Allen Orr 2009 ), the 
broad and general idea behind an 
organism’s fitness involves the relative 
r epr oductiv e success and contribution of 
genes to future generations, determining an 
or ganism’s e volutionary success in its 
environment 

Demand The desire for a product or service, coupled 
with the ability and willingness to pay for it 
(Tin 1999 ) 

The ecological need for a specific resource 
or environmental factor. Coupled with the 
term of suppl y, accur atel y describes the 
c har acteristic of self-r egulation of metabolic 
systems (Christensen et al. 2015 , 
Matuszy ́nska et al. 2019 ) 

Capital Refers to the financial asset which is an 
input for the production (Lo vchiko va and 
Matschke 2024 ) 

Often used to describe the accumulated 
resources a species has for survival and 
r epr oduction, suc h as energy reserves or 
genetic diversity 
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ehaviors such as biofilm formation and the production of viru-
ence factors, contingent upon their population density (Yarwood
nd Sc hlie v ert 2003 ). If we describe quorum sensing using eco-
omic terms, it might sound like bacteria are ‘negotiating’ their
ollective actions or ‘making agreements’ based on the informa-
ion exchanged. Ho w ever, this description anthropomorphizes the
acteria, implying a level of conscious decision-making that does
ot exist. In reality, quorum sensing is a biochemical process
riv en by e volutionary pr essur es, not by individual or collective

decisions’ in a human sense. Bacteria respond to chemical cues in
heir environment in a way that has been shaped by natural selec-
ion to benefit their survival and r eplication, without an y awar e-
ess or intentionality. 

Instead of leaning on popular jar gon, inv esting time in study-
ng primary liter atur e is vital for interdisciplinary studies. In this
r ocess, compr ehending the principles and assumptions within
pecific examples from one field before applying them to another
s essential. This a ppr oac h ensur es a mor e thor ough and pr ecise
xploration of interdisciplinary connections. 

mpact of the underlying assumptions 

hen exploring interdisciplinary studies, it is important to avoid
v ersimplifying differ ent concepts. For instance, let us take the
 ell-kno wn economic principle that asserts that as the price
f a product rises, the quantity demanded tends to decrease
nd vice versa. Ho w ever, ‘T he La w of Demand’ is more com-
lex than this simplified idea. The fundamental assumption un-
erpinning this principle is that no other factors, aside from
he product’s price, are changing. T herefore , if we overlook the
ritical underlying assumption of maintaining all other factors
onstant, it can result in errors in predicting consumer be-
avior and market dynamics . Moreo ver, external economic fac-
ors such as changes in income, prices of related goods (substi-
utes and complements), and expectations about future prices
an also significantly affect demand. These factors highlight
he interconnectedness of economic variables and the need
or a more comprehensive analysis that goes beyond simplistic

odels. 
In microbial studies, examining multiple factors influencing

ach other is crucial. For instance, gene regulators with overlap-
ing gene r epertoir es r espond to v arious signals, showcasing the
da ptability and r esilience of micr obial life . T he interpla y of sig-
als and regulators highlights the complexity of microbial gene
egulation, emphasizing the need for a holistic view to understand

icrobial behavior and adaptation. 
This can also be an issue for microbial studies. Sometimes it is

ot only one specific factor that we look at, but further factors in-
uencing each other. For example, several gene regulators with an
v erla pping r epertoir e of r egulated genes incor por ate se v er al dif-
erent signals . T he complexity here lies not only in the number of
actors involved but in how seamlessly they interact, highlighting
he adaptability and resilience of microbial life . T his interpla y of

ultiple signals and regulators illustrates the depth of complex-
ty in microbial gene regulation, emphasizing the importance of
 holistic view to truly grasp the subtleties of microbial behavior
nd adaptation. 
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Learnings from microbial studies: insights 

for economists 

Alfred Marshall, known as the father of evolutionary economics,
once wrote that ‘the Mecca of the economist lies in economic bi- 
ology rather than in economic dynamics (Marshall 1920 ).’ By this,
Marshall emphasized the profound potential that lies in exam- 
ining biological processes to understand economic phenomena. 
His assertion encour a ges economists to look beyond human ac- 
tivities and dive into biological systems because they offer rich,
natur all y occurring examples of complex inter actions, ada ptiv e 
beha viors , and evolutionary strategies that mirror economic ac- 
tivities . Microbial studies , for instance , r e v eal complex systems 
of cooperation and competition, resource allocation, adaptation, 
and systems dynamics. In microbial communities, organisms en- 
gage in mutually beneficial resource exchanges, akin to economic 
trade, and compete for scar ce resour ces, similar to market compe- 
tition. These microbial behaviors provide a natur al labor atory for 
understanding fundamental economic principles in a simplified 

and observable form in the biological free market. 
Marshall’s encour a gement for economists to explore biology 

is rooted in the idea that economic systems are not static but 
constantl y e volving and ada pting, m uc h like biological systems 
(Marshall 1920 ). By studying how microbes optimize resource use,
de v elop r esistance mec hanisms, and form cooper ativ e consortia,
economists can gain insights into how human economies might 
ada pt to c hanges , inno v ate in the face of scarcity, and or ganize 
for collective benefit (Farmer 2002 ). By drawing parallels with mi- 
crobial systems, economists can identify dynamic processes that 
shape the growth and resistance of economic entities. To build on 

this microbial perspective, it is essential to consider both narrow 

and broad perspectives within evolutionary economics . T he nar- 
r ow a ppr oac h, whic h dr aws dir ect analogies to genetic e volution 

(Heinric h 2017 ), tr eats firms as populations that exhibit diverse 
r outines, tec hnologies, and str ategies, subjected to forces of selec- 
tion and diversity generation. This method leverages established 

findings fr om e volutionary biology, offering a structur ed fr ame- 
work to understand how firms adapt and evolve (Heinrich 2016 ).
For example, just as biologists study the survival of the fittest 
among species, economists can study which business strategies 
lead to the survival and growth of firms. 

Conv ersel y, the br oader a ppr oac h expands the scope by con- 
sidering single ada ptiv e entities suc h as institutions or entire so- 
cieties, rather than focusing solely on populations (Heinrich 2017 ).
This perspective allows for a more flexible understanding of eco- 
nomic evolution, accommodating a wider array of adaptive be- 
haviors and e volutionary pr ocesses. By synthesizing narr ow and 

broad concepts of biological evolution, economists can develop a 
mor e thor ough vie w of economic systems, enhancing our under- 
standing of economic dynamics and fostering the de v elopment of 
sustainable economic strategies. 

Integr ating insights fr om micr obiology into economic anal- 
ysis enables the de v elopment of mor e compr ehensiv e and in- 
terdisciplinary a ppr oac hes to studying economic systems . T his 
intellectual cross-pollination enriches economic theory, provid- 
ing v aluable perspectiv es for addr essing contempor ary economic 
challenges and designing more effective policies and strategies. 
Through this lens, economists can better understand and predict 
complex economic beha viors , enhance resource allocation effi- 
ciency, and foster sustainable de v elopment. 

Marshall’s vision highlights the importance of viewing eco- 
nomic systems through the dynamic and adaptive processes ob- 
served in biology. This perspective not only broadens the scope of 
a
conomic r esearc h but also fosters a deeper understanding of the
omplexities inherent in economic systems, ultimately leading to 
or e r obust models and innov ativ e solutions for r eal-world eco-

omic challenges. 

onclusion: the complexity of 
nterdisciplinary anal ysis—bey ond 

implified concepts in economics and 

icrobial studies 

he integration of ideas across diverse fields of r esearc h sparks
r esh perspectiv es , pa ving the wa y for no vel insights and inno va-
iv e pr oblem-solving a ppr oac hes. As a source of inspir ation for fu-
ure interdisciplinary studies on microbial communities, this pa- 
er advocates a ppl ying BMT to pr ovide a r obust fr ame work for un-
erstanding and explaining the various cooperative interactions 
acilitated by microbes. By extending the concept of market econ-
my, this paper sheds light on socio-microbiology. 

A prime example of this interdisciplinary application is seen 

n the realm of metabolic exchange among microorganisms.
etabolic exc hange serv es as a fundamental pr ocess in whic h mi-

r oor ganisms enga ge in m utuall y beneficial r esource sharing to
romote their individual growth. This phenomenon is prevalent in 

icr obial comm unities and plays a pivotal role in a complex web
f cooper ativ e inter actions thr oughout the biospher e. Micr obes
xc hange v arious metabolites, suc h as essential amino acids, sug-
rs , fatty acids , and cofactors , influencing the dynamics , stabil-
ty, and evolution of microbial networks. For instance, in a micro-
ial consortium, one microbe might produce a vital nutrient that
nother micr obe r equir es for its gr owth, cr eating an interdepen-
ent relationship within the community. This paper extends the 
once pt of mark et econom y, tr aditionall y a pplied in economics,
o micr obial ecosystems, illustr ating how micr oor ganisms enga ge
n collabor ativ e and competitiv e dynamics similar to human eco-
omic transactions. 

In microbial populations, the exchange of metabolites resem- 
les trade in an economic market. Microbes possess the capac-

ty to convert various resources into forms that support their
rowth. T hey ha ve mechanisms to transport metabolites between 

heir intracellular compartments and the surrounding extracellu- 
ar envir onment, whic h is ric h in div erse metabolites pr oduced by
eighboring microbes with varying physiologies. In such an envi- 
 onment, ther e ar e opportunities for m utual r esource exc hange
mong microbes, analogous to how countries trade to enhance 
heir material well-being. 

Beyond metabolic trade, the significance of spatial positioning 
ntroduces another dimension of economic analogy. Spatial eco- 
omics in microbial interactions draws from the market economy,
ocusing on the geogr a phical concentr ation of tr ade. It shows that
patial positioning is crucial for both economic activities and mi-
robial beha viors . Economic models that explain trade dynamics
hrough factor endowments are similar to how spatial arrange- 

ents in microbial communities determine survival strategies.
trategies like biofilm formation and quorum sensing are essen- 
ial for the resilience of these communities . T hey mirror urban
conomic principles, where being close together enhances pro- 
uctivity, m uc h like the innovation ecosystem in Silicon Valley.
iofilms in microbial life serve as examples of how structured en-
ir onments ar e k e y to optimizing n utrient exc hange and pr oviding
rotection. This highlights the importance of spatial organization 

n boosting both the functionality and adaptability of economic 
nd biological systems. 
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Moving deeper into economic parallels, the concept of com-
ar ativ e adv anta ge offers further insight into microbial coopera-
ion and specialization. Compar ativ e adv anta ge sheds light on the
enefits of trade and specialization across both global economies
nd microbial ecosystems . T his principle emphasizes the impor-
ance of tapping into areas of relative efficiency to enable ex-
hanges that boost productivity and resilience. Mirroring this eco-
omic principle, microbial networks engage in metabolite trad-

ng and specialization, thus improving their collective well-being
n ways similar to economic outsourcing. The Black Queen Hy-
othesis illustrates how microbial systems leverage comparative
dv anta ge, pr omoting a r eductiv e e volutionary a ppr oac h for the
ommon good. This insight into microbial systems suggests po-
ential biotechnological inno vations , where utilizing the compar-
ti ve ad vantage could lead to more efficient bioengineering prac-
ices and sustainable solutions. 

Similarl y, the explor ation of altruism within micr obial inter ac-
ions r e v eals that some micr obes perform r oles benefiting their
ommunity at their cost. These altruistic actions in microbes mir-
 or the CSR initiativ es of companies within socio-economic frame-
orks . T his beha vior, manifested in the production of metabo-

ites at the expense of their resources and energy, challenges tra-
itional perspectives on microbial competition. It suggests that,
nder certain conditions, cooper ativ e behaviors can become evo-

utionary stable, enhancing the resilience and collective fitness of
icrobial ecosystems . T his e volutionary a ppr oac h, de void of con-

cious intent unlike human altruism, highlights the fundamental
rinciple that such cooperative behaviors are driven by genetic
dv anta ges and survival benefits, contributing to the ov er all sta-
ility and diversity of the biological ecosystems. 

While the fusion of economics and biological r esearc h is
r omising, it navigates thr ough a complex landsca pe of interdis-
iplinary challenges. Bridging economic theory and biological re-
earch holds the promise of uncovering untapped insights, al-
hough it r equir es navigating the complex landscape of interdis-
iplinary study with precision and care . T he shared terminolo-
ies between economics and biology, each bearing distinct mean-
ngs and implications within their r espectiv e disciplines, demand
ar eful inter pr etation to avoid misr epr esentations. Mor eov er, the
nthr opomor phic a pplication of economic behaviors to microbial
ctions can oversimplify the complex mechanisms governing mi-
r obial comm unities . Na vigating these challenges necessitates an
xplicit understanding of the terminologies and foundational as-
umptions unique to each field, steering clear of oversimplifica-
ion and ensuring a more accurate interdisciplinary dialogue. 

Applying economic principles in biology or vice versa can de-
iv er ne w impetus in the r esearc h of eac h field as well. The con-
 er gence of economic principles and biological r esearc h enhances
he understanding of microbial ecosystems and paves the way
or gr oundbr eaking collabor ations between economists and bi-
logists . T his interchange of ideas has the potential to r esha pe
r oblem-solving a ppr oac hes in both domains. Ho w e v er, to facil-

tate these collaborations, a thorough analysis of how economic
roblems, with all their assumptions, can be translated into a bio-

ogical setting is imper ativ e . T his work is the first attempt to define
 dictionary allowing suc h tr anslations, and ther eby easing com-
unication. In summary, these findings prompt a fresh perspec-

ive on socio-economics in microbial biology, urging researchers to
ctiv el y enga ge in interdisciplinary dialogues . T hese discussions ,
nvolving experts from diverse fields, encourage the exploration
f thought-provoking questions, the pursuit of new avenues and
ethods, and the shared learning from each other’s distinct sci-

ntific experiences. 
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